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1
COMPOSITE PIPE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to PCT Patent Application

No. PCT/GB2011/001685 filed on 5 Dec. 2011, which
claims priority to United Kingdom Patent Application No.

GB1020514.4 filed on 3 Dec. 2010, the contents of which
are 1ncorporated herein by reference.

BACKGROUND

Composite pipes are used 1n many industries, such as in
the o1l and gas industry for the confined transportation of
fluids and equipment associated with hydrocarbon recovery
from a subterranean reservoir. For example, composite
marine risers, tlow lines and jumpers are known 1n the art.

WO 99/67561 discloses a flexible composite pipe which
1s intended for use in transporting fluids such as hydrocar-
bons, and 1s formed from multiples coaxially aligned dis-
crete layers which are bonded to each other. Specifically, the
disclosed prior art pipe comprises separate inner and outer
layers, and one or more discrete intermediate layers which
include reinforcing fibres and which are disposed between
the 1nner and outer liners.

SUMMARY

A pipe having a pipe wall may comprise a composite
material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein at
least one circumierential segment of the pipe wall comprises
or defines a local varnation 1n construction to provide a local
variation in a property of the pipe.

According to a first aspect of the present invention there
1s provided a pipe having a pipe wall comprising a com-
posite material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein 1n a
plane which extends laterally through the pipe wall the
matrix material defines a continuous circumierential struc-
ture and at least one circumierential segment of the pipe wall
in said lateral plane comprises or defines a local variation 1n
construction to provide a local variation 1n a property of the
pipe.

One circumierential segment of the pipe wall may define
a local variation 1n construction relative to a diflerent
circumierential segment to provide a local varnation 1n a
property of the pipe.

The matrix material defines a continuous circumierential
structure such that the matrix does not include any discon-
tinuities, such as windows or the like, which extend through
the entire thickness of the pipe wall. As such, at least the
matrix defines a complete structure around a bore of the pipe
suilicient to provide, for example, fluid containment at least
at the defined lateral plane.

The pipe wall may comprise at least two circumierential
segments having different constructional properties.

The pipe wall may define a global construction around its
circumierence, wherein at least one circumierential segment
comprises a local vanation within this global construction.

Thus, the construction of the pipe wall includes one or
more local vanations around 1ts circumierence to achieve a
local variation 1n a property of the pipe. That 1s, the
constructional variation 1s suthicient to affect a variation in a

property of the pipe.
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In use, the local variation 1n a property of the pipe by
virtue of the local constructional vanation in at least one
circumierential segment may establish a preferential char-
acteristic 1n the pipe. Such a preferential characteristic may
beneficially differ from that 1n a pipe of uniform circumier-
ential construction. A preferential mechanical characteristic
may be achieved, such as a strength, stiflness, flexural
rigidity, bending, resonant characteristic or the like. A pref-
erential thermal characteristic may be achieved, such as a
thermal expansion characteristic, thermal 1nsulation charac-
teristic or the like.

The local constructional variation 1n at least one circum-
ferential segment may establish a preferential characteristic
aflecting the pipe 1n a longitudinal direction. For example,
the local constructional variation 1n at least one circumier-
ential segment may establish a preferential longitudinal
stiflness distribution or variation. Such a preferential longi-
tudinal stiffness may permit a predetermined bending or
flexing motion of the pipe to be achieved. Although dis-
cussed again and 1n further detail below, such predetermined
bending may facilitate coiling of the pipe, desired compli-
ance of the pipe during installation, controlled deformation
during expansion and contraction of the pipe, controlling
circumierential orientation of the pipe and the like.

The circumierential segment may extend between inner
and outer surfaces of the pipe wall. An entire circumierential
segment of the pipe wall may define a local variation 1n
construction. A portion within at least one circumierential
segment may define a local variation 1n construction. For
example, at least one circumierential segment may comprise
a local variation 1n construction at a location intermediate
iner and outer surfaces of the pipe wall.

At least one circumierential segment may comprise a
local variation in modulus of elasticity. At least one circum-
ferential segment may comprise a local variation 1n second
moment of area. At least one circumierential segment may
comprise a local vanation 1n coeflicient of thermal expan-
sion. At least one circumierential segment may comprise a
local variation 1in thermal conductivity. At least one circum-
ferential segment may comprise a local variation 1n a
maternial strength, such as a vyield strength of a particular
component of the composite material. At least one circum-
ferential segment may comprise a local variation 1n tensile
strength. At least one circumierential segment may comprise
a local vaniation 1n hoop strength. At least one circumfier-
ential segment may comprise a local varation 1n compres-
sive strength. At least one circumierential segment may
comprise a local variation in flexural strength.

The local constructional variation 1n at least one circum-
ferential segment of the pipe wall may define a discrete
constructional variation, for example with respect to an
adjacent region or segment. For example, the local construc-
tional variation may be provided in a step-wise or abrupt
manner with respect to an adjacent region.

The local variation 1n at least one circumierential segment
of the pipe wall may comprise a tapered or gradual variation,
for example with respect to an adjacent region or segment.

At least one circumierential segment may comprise a
local variation 1n the construction of the composite matenal,
such as a constructional variation i one or both of the
matrix material and the reinforcing fibres.

At least one circumierential segment may comprise a
local variation 1n the type of matrix maternial. At least one
circumierential segment may comprise a local variation 1n
the volume of matrix material.

At least one circumierential segment may comprise a
local variation 1n the distribution density of the reinforcing
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fibres within the matrix material. For example, the reinforc-
ing fibres may be more densely packed together 1n at least
a portion of one circumierential segment of the pipe wall
than another circumierential segment. In such an arrange-
ment the region of increased fibre packing density may
define a region of modified stiflness, such as increased
stiflness.

At least one circumierential segment may comprise a
local vanation in the type of fibre within the composite
material. That 1s, at least a portion of one circumierential
segment of the pipe wall may comprise a fibre type which 1s
not present 1n another circumierential segment, or at least
present in a different quantity or configuration. At least one
circumierential segment may comprise one or more fibres
with a modified, such as increased or decreased, stiflness,
tensile strength, compressive strength or the like. At least
one circumierential segment may comprise one or more
reinforcing fibres with a modified dimension, such as a
modified diameter. For example, at least a portion of one
circumierential segment of the pipe wall may comprise
fibres having a different diameter to those 1 a different
circumierential segment.

At least one circumierential segment may comprise a
local variation 1n fibre alignment angle within the composite
material. That 1s, one or more reinforcing fibres 1n at least a
portion of one circumierential segment may define a differ-
ent alignment angle to one or more reinforcing fibres 1n a
different circumferential segment. In this arrangement the
fibre alignment angle may be defined relative to the longi-
tudinal axis of the pipe. For example, a fibre provided at a
0 degree alignment angle will run entirely longitudinally of
the pipe, and a fibre provided at a 90 degree alignment angle
will run entirely circumierentially of the pipe, with fibres at
intermediate fibre alignment angles running both circumier-
entially and longitudinally of the pipe, for example 1n a
spiral pattern.

The local variation 1n fibre alignment angle may include
fibres having an alignment angle of between, for example, O
and 90 degrees, between 0 and 45 degrees or between 0 and
20 degrees.

In one arrangement at least one circumierential segment
may comprise a local variation 1n fibre alignment angle in
which one, or more preferably a plurality of fibres define an
alignment angle of substantially 0 degrees.

At least one circumierential segment of the pipe wall may
comprise a local variation 1n fibre pre-stress. In this arrange-
ment the fibre pre-stress may be considered to be a pre-
stress, such as a tensile pre-stress and/or compressive pre-
stress applied to a fibre during manufacture of the pipe, and
which pre-stress 1s at least partially or residually retained
within the manufactured pipe. In this arrangement the fibre
pre-stress 1n one circumierential segment of the pipe wall
may differ from that 1n a different circumierential segment.
In one arrangement the fibre pre-stress, such as pre-tension,
in at least one circumierential segment of the pipe wall may
be 1ncreased relative to a diflerent circumierential segment.
A local variation 1n fibre pre-stress may permit a desired
characteristic of the pipe to be achieved, such as a desired
bending characteristic. This may assist to position or
manipulate the pipe, for example during installation,
retrieval, coiling or the like. Further, this local variation in
fibre pre-stress may assist to shift a neutral position of strain
within the pipe wall, which may assist to provide more level
strain distribution when the pipe 1s in use, and/or for
example 1s stored, such as 1 a coiled configuration.

At least one circumierential segment may comprise a
local variation 1n construction by use of at least one nsert.
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The msert may be considered to be a separate component
from the matnx and reinforcing fibres which form the
composite material of the pipe wall. The insert may be
formed separately and subsequently installed within at least
one circumierential segment of the pipe wall. An insert may
be installed within the pipe wall during manufacture of the
pipe. An isert may be installed within the pipe wall
following manufacture of the pipe.

Any 1nsert may not extend through the entire thickness of
the pipe wall, at least at the lateral plane, as such an
arrangement would result 1n the matrix material becoming
discontinuous.

The nsert may define a structural insert. The nsert may
exhibit suflicient mechanical properties, such as stifiness,
strength or the like, to provide a measurable effect on the
mechanical properties of the entire pipe. For example, a
single strand of a reinforcing fibre may not function as an
isert due to the magnitude of difference between the
structural properties of a single strand and the entire pipe. At
least one insert may comprise an elongate insert. At least one
insert may extend substantially longitudinally of the pipe. At
least one 1sert may comprise a plate, rod, pin or the like. At
least one insert may comprise a mesh structure or the like.
At least one insert may comprise a metallic material, such as
a metal alloy. At least one insert may comprise a shape
memory metal alloy. At least one insert may comprise a
non-metallic material. At least one sert may comprise a
composite material, such as a composite of a matrix with
embedded reinforcing fibres. In this arrangement a compos-
ite 1nsert may be formed separately and subsequently
installed or included 1n at least one circumierential segment
of the pipe wall.

At least one circumierential segment may comprise a
local variation 1n geometry. For example, at least one
circumierential segment may define an increased or reduced
wall thickness of the pipe wall.

At least one circumierential segment comprising a local
constructional variation may extend longitudinally of the
pipe. This arrangement may permit the local circumierential
variation to desirably aflect the pipe 1n a longitudinal direc-
tion.

At least one circumierential segment comprising a local
constructional variation may extend longitudinally of the
pipe parallel to the pipe axis. In this embodiment the
circumierential location of at least one segment may be
constant over a length of the pipe.

The location of at least one circumierential segment
comprising a local constructional varnation may extend both
longitudinally and circumierentially of the pipe. In such an
arrangement a local circumierential variation may extend 1n
a spiral arrangement along a length of the pipe.

A local constructional variation 1n at least one circumfier-
ential segment of the pipe wall may remain constant along
a length of the pipe. In this arrangement a common efiect of
the local constructional variation may be provided over a
length of the pipe.

A local constructional variation 1n at least one circumfier-
ential segment of the pipe wall may vary along a length of
the pipe. In this arrangement a variable eflect of the con-
structional variation may be presented over a length of the
pipe.

The local constructional variation 1n at least one circum-
ferential segment may be selected to provide a desired
longitudinal bending characteristic along the pipe. For
example, the local constructional variation 1n at least one
segment may be selected to provide longitudinal bending 1n
a desired plane. This arrangement may permit a repeatable
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bending motion to be achieved, which may assist 1n coiling
of the pipe, for example during deployment and retrieval,
installation of the pipe or the like. This arrangement may
also, or alternatively, permit multiple pipes according to the
present aspect of the mvention to be arranged in proximity
to each other, wherein the local constructional variation in
cach pipe facilitates controlled longitudinal bending, for
example 1n a preferred plane, which 1s adapted to prevent or
substantially minimise interference between the pipes. This
may be ol concern where, for example, multiple pipes are
bundled 1n a common location, extend along a common path
or course, converge to a common restricted location from
various directions or the like.

Such a desired longitudinal bending characteristic may be
achieved by providing a local variation in stifiness within at
least one circumiferential segment of the pipe. In some
embodiments a variation 1n stiflness, for example an
increase 1n stiffness, within at least one circumierential
segment may permit stresses within the pipe during longi-
tudinal bending to be reduced.

The local constructional variation 1n at least one circum-
ferential segment may be selected to provide a desired
deformation characteristic, such as bending, buckling or the
like, within the pipe when under load, such as when exposed
to internal pressure, external pressure, torsional loading,
radial loading, axial loading or the like. For example, the
pipe may be formed to permit bending or deformation to be
restricted to a particular direction or plane.

The local constructional variation 1n at least one circum-
ferential segment may be selected to provide a desired
longitudinal twist characteristic of the pipe. For example, the
local constructional variation may permit the pipe to be
deployed and retrieved, for example by coiling or spooling,
while achieving a desired rotational orientation of the pipe.
Such an arrangement may permit, for example, the pipe to
adopt a desired orientation when deployed or retrieved,
which may in turn permit supported equipment, for example,
to also be deployed or retrieved in a desired orientation.
Further, such control over the orientation of the pipe by
virtue of a selected local constructional variation may facili-
tate more accurate measurement processes associated with
the pipe, such as NDT testing, strain measurements and the
like. In this respect, knowledge that the pipe will be oren-
tated 1n a particular direction may assist 1n the positioning of
measurement equipment, eliminate or minimise the require-
ment to separately determine the orientation of the pipe
during measurement, or the like.

The local constructional variation in at least one circum-
ferential segment may be selected to provide a desired
thermal characteristic of the pipe.

The local constructional variation 1n at least one circum-
ferential segment may be selected to provide a desired
thermal expansion and/or contraction characteristic of the
pipe. For example, a local constructional variation may be
selected to permit the pipe to deform in a repeatable and
expected manner upon thermal expansion thereof. This may,
for example, permit controlled buckling of the pipe to be
achieved during thermal expansion.

The local constructional variation in at least one circum-
ferential segment may be selected to provide a desired
thermal insulation characteristic of the pipe. For example, a
variation in thermal conductivity within a circumierential
segment ol the pipe wall may permit a desired thermal
insulation property to be achieved within said segment. This
may be advantageous 1n circumstances where diflerent cir-
cumierential segments of the pipe are exposed to different
conditions when 1n use. For example, in one embodiment a
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portion of the pipe may be buried, for example 1n a seabed,
and a portion may be exposed to an ambient environment,
such as the sea. In such an exemplary arrangement the
circumierential segment of the pipe which 1s exposed to the
ambient environment may be locally modified to exhibit
greater thermal isulation properties that that segment which
1s buried. This may permit the pipe to be more accurately
formed for 1ts intended use.

The local constructional variation 1n at least one circum-
ferential segment may be selected to provide a desired
thermal transmission characteristic of the pipe. This arrange-
ment may, for example, permit heat, which may be provided
from a heater, to be transmitted through the wall of the pipe.
This may facilitate application 1n which an external heater 1s
used to heat fluids withun the pipe.

The pipe may comprise at least two circumierential pipe
wall segments which each comprise a local variation in
construction to provide a local variation 1n a property of the
pipe. Each of the at least two circumierential segments of the
pipe wall may comprise the same or diflerent constructional
variations.

The pipe may comprise two circumierential segments
having a local constructional variation which are arranged
substantially diametrically opposite each other. This
arrangement may permit a desired property of the pipe to be
achieved within or relative to a desired plane. In one
arrangement the two segments may each comprise a local
constructional variation to provide a local variation 1n stifl-
ness longitudinally of the pipe. For example, each segment
may define a region of increased stiflness such that the
bending stiflness within the plane which includes both
circumierential segments 1s 1ncreased. In such an arrange-
ment the two circumierential segments with increased stifl-
ness may define a neutral bending plane along which the
pipe will bend. Accordingly, controlled bending orientation
of the pipe may be achieved, which may assist in spooling,
installation, during service or the like. Providing an effective
increased stiflness along a bending plane may permit a
reduction in the stresses developed within the regions of
lower stiflness located at a distance from the neutral bending
plane. This may therefore increase safety, and may, for
example, permit a reduced permissible spooling diameter of
the pipe to be achieved. It should be understood that a
similar eflect may be achieved by providing a local reduc-
tion 1n stiflness, such as axial stiflness, at two diametrically
opposed circumierential segments.

The matrix of the composite material may define a
continuous structure, wherein the reinforcing {fibres are
embedded within said continuous structure. In this arrange-
ment the composite material may eflectively be provided as
a single layer throughout the thickness of the pipe wall,
without any interfaces, such as bonded interfaces, between
individual layers.

The distribution of the remnforcing fibres may vary
throughout the continuous matrix i a radial direction
through the pipe wall. The distribution of the reinforcing
fibres may vary from zero at the region of the mner surface
of the pipe wall, and be increased 1n a direction towards the
outer wall. Accordingly, the region of the inner surface of the
pipe wall will be absent of reinforcing fibres.

A radially mner region of the pipe wall may define a
uniform construction, and a radially outer region of the pipe
wall may comprise at least one circumierential segment
which comprises or defines a local varation 1 construction.
That 1s, the radially outer region may comprise at least two
circumierential segments having a constructional variation
therebetween. This arrangement may be achieved during
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manufacture of the pipe by providing a pre-formed pipe
structure or mandrel of uniform construction and which
defines the radially mner region of the pipe wall, and then
forming the radially outer pipe wall region on the pre-
formed mandrel, while including a variation 1n construction
in one circumierential segment.

A method of manufacturing a pipe may comprise:

forming a pipe wall with a composite material comprising,
a matrix and a plurality of reinforcing fibres embedded
within the matrix; and

creating a local varnation 1n the construction of the pipe
wall within at least one circumierential segment of the pipe
wall to provide a local vanation 1n a property of the pipe.

According to a second aspect of the present mvention
there 1s provided a method of manufacturing a pipe, com-
prising;:

forming a pipe wall with a composite material comprising
a matrix and a plurality of reinforcing fibres embedded
within the matrix, wherein the matrix material defines a
continuous circumierential structure 1 a plane which
extends laterally through the pipe wall; and

in the same lateral plane creating a local variation in the
construction of the pipe wall within at least one circumfier-
ential segment thereof.

The method may comprise forming a pipe 1 accordance
with the first aspect. Features defined above 1n relation to the
first aspect may also be associated with the second aspect.

A pipe may have a pipe wall comprising a composite
material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein the
composite material 1n at least one region of the pipe wall 1s
pre-stressed.

According to a third aspect of the present invention there
1s provided a pipe having a pipe wall comprising a com-
posite material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein the
composite material comprises a varying level of pre-stress
between different regions of the pipe wall.

Thus, 1n the third aspect the pipe may comprise a plurality
of regions within the pipe wall, wherein a level of pre-stress
within the composite material varies between at least two
regions.

The composite material 1n at least one region of the pipe
wall may comprise or define a level of pre-tension.

The composite material 1n at least one region of the pipe
wall may comprise or define a level of pre-compression.

Pre-stress may be applied to the composite material
within at least one region of the pipe wall during manufac-
ture of the pipe. Such a pre-stress applied during manufac-
ture may remain, at least residually, within the pipe wall
region following manufacture.

Pre-stress within the composite material of at least one
region of the pipe wall may be achieved by applying a
tension to one or more of the reinforcing fibres of the
composite material during manufacture of the pipe. Such
applied tension may introduce a level of strain within one or
more of the reinforcing fibres of the composite material
during manufacture of the pipe. In one embodiment a 0.05
to 0.5% strain within one or more of the remforcing fibres
may be applied during manufacture of the pipe. A variable
tension may be applied to one or more of the reinforcing
fibres of the composite material during manufacture of the
pipe.

Pre-stress may be achueved by applying a compression to
one or more fibres during manufacture of the pipe.

In one embodiment a region of the pipe wall may be
tformed using an elongate composite tape, roving, tow or the
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like which 1s manipulated, for example wound, to form the
pipe wall. In such an arrangement pre-stress may be applied
within the elongate composite tape, roving, tow or the like
during manufacture of the pipe. For example, a defined
tension or compression may be applied to the elongate tape,
roving, tow or the like during manufacture. A variable
tension or compression may be applied to the elongate tape,
roving, tow or the like during manufacture to establish
different regions of the pipe wall with different levels of
pre-stress.

Pre-stress within the composite material 1n at least one
region of the pipe wall may be provided to achieve a desired
stress and/or strain distribution within the pipe wall when
the pipe 1s exposed to an anticipated condition.

Such an anticipated condition may be a condition when
the pipe 1s 1n a service configuration, such as when exposed
to internal and/or external fluid pressure and associated
stresses and strains, such as hoop stresses/strains and the
like. In such an arrangement the pre-stress within the com-
posite material 1n at least one region of the pipe wall may be
provided to achieve desired burst and/or collapse properties,
such as strengths, of the pipe.

An anticipated condition may comprise a condition when
the pipe 1s 1 a storage configuration, such as in a coiled
storage configuration which may produce bending stresses/
strains, axial tensile and compressive stresses/strains, tor-
sional stresses/strains and the like. An anticipated condition
may comprise a deployment configuration, such as the
deployment from a reel, a retrieval configuration, such as
retrieval onto a reel, or the like.

In one embodiment pre-stress within the composite mate-
rial 1 at least one region may be provided to establish a
desired stress and/or strain distribution within the pipe wall
when the pipe 1s exposed to a particular or anticipated
condition. Such a desired stress and/or strain distribution
may include a more even or improved distribution through-
out the pipe wall, for example when compared to a conven-
tional composite pipe. Such a more even or improved stress
and/or strain distribution may assist to minimise failure
frequency, material fatigue, permit control or reduction 1n
crack propagation, and the like. Further, such a more even or
improved stress and/or strain distribution may permit higher
strengths within the pipe wall to be achieved for given
quantities of material.

Pre-stress within the composite material 1n at least one
region of the pipe wall may be provided to achieve a desired
movement bias of the pipe, such as a desired bending
movement, buckling movement, elongation movement,
radial expansion movement or the like.

The provision of a pre-stress within the composite mate-
rial 1n at least one region may function to alter a neutral
position of strain within the pipe wall.

The vanation in pre-stress between different regions of
the pipe wall may provide a desired global stress and/or
strain distribution within the pipe wall when the pipe 1s
exposed to a particular or anticipated condition, such as a
service condition or the like. For example, the varnation 1n
pre-stress between the different regions may provide a more
even or mmproved global stress and/or strain distribution
within the pipe wall when exposed to a particular condition,
such as a service condition or the like. A variation 1n the
level of pre-stress between different regions of the pipe wall
may permit a neutral position of strain within the pipe wall
to be desirably aflected, for example to accommodate a
particular service condition or the like.
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A vanation i pre-stress within the composite material
between different regions of the pipe wall may be provided
in an abrupt or step-wise manner.

A vanation i pre-stress within the composite material
between diflerent regions of the pipe wall may be provided
in a gradual or tapered manner.

The pipe may comprise a plurality of regions within the
pipe wall, wherein the composite material 1n at least one
region may be pre-stressed, and the composite material in at
least one other region may define or comprise substantially
zero pre-stress. In such an arrangement a variation 1 com-
posite material pre-stress between two diflerent regions may
vary from a neutral level of pre-stress.

A vanation m pre-stress within the composite material
between different regions may be provided by a combination
ol pre-tension and pre-compression within different regions.

A level of pre-stress present 1n the composite material 1n
one region of the pipe wall may establish or influence the
level of pre-stress created or provided in a different region
of the pipe wall.

A pre-stress applied within the composite material of one
region ol the pipe wall may be selected to provide a
particular pre-stress 1n a further region of the pipe wall. For
example a degree of pre-stress 1n the form of tension applied
in the composite material in one region of the pipe wall may
provide a degree of pre-stress 1n the form of compression in
the composite material 1n a different region of the pipe wall.
Further, a degree of pre-stress 1n the form of tension applied
in the composite material in one region of the pipe wall may
provide a lower level of pre-tension 1n the composite mate-
rial in a different region of the pipe wall.

The level of pre-stress within the composite material of
the pipe wall may vary throughout the pipe wall 1n a radial
direction. That 1s, the level of pre-stress within the compos-
ite material may vary throughout the thickness of the pipe
wall. For example, the composite material 1n an outer region
or layer of the pipe wall may comprise or define a different
level of pre-stress than the composite material 1n an inner
region or layer of the pipe wall. The outer region may
entirely circumscribe the mner region.

The composite material 1n an outer region of the pipe wall
may comprise or define a level of pre-tension, and the
composite material 1n an iner region of the pipe wall may
comprise or define a level of pre-compression. In this
arrangement the pre-tension applied 1n the composite mate-
rial of the outer region of the pipe wall may establish the
pre-compression, or at least a portion of the pre-compres-
s1on, within the composite material of the inner region of the
pipe wall. For example, the pre-tension applied in the
composite material of the outer region may apply a com-
pressive hoop strain in the composite material within the
inner region. This arrangement may be advantageous in
applications where internal pipe pressures are dominant.

The composite material 1n an 1nner region of the pipe wall
may comprise or define a level ol pre-tension which 1s
greater than that 1n an outer region of the pipe wall. This
arrangement may be advantageous in applications where
external pipe pressures are dominant.

A variation 1n pre-stress within the composite material 1n
a radial direction of the pipe wall may be selected 1n
accordance with one or more anticipated service conditions
of the pipe. For example, a radial vanation 1in hoop and/or
axial pre-stress may be selected 1n accordance with one or
more anticipated service conditions of the pipe. The provi-
sion of a variation 1n the pre-stress within the composite
material 1n a radial direction of the pipe wall may, for
example, be configured to accommodate stresses and/or
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strains applied to the pipe when exposed to internal and/or
external pressures. Such accommodation of pressure applied
stresses and strains may be 1n order to ensure a more even
stress and/or strain distribution throughout the pipe wall.

For example, 1n an anticipated service condition 1n which
internal pressures are dominant, for example when the
product of the mternal pressure and the mner radius of the
pipe 1s higher than the product of the external pressure and
the outer radius of the pipe, the resultant hoop stresses will
be tensile. Accordingly, the composite material within an
mner region will typically be exposed to a greater tensile
strain than the outer region. As such, with increasing load as
a result of increasing internal pressure, a failure strain level
may be achieved first in the inner region. However, by
provision ol pre-tension in an outer region of the pipe wall
which has the eflect of applying a pre-compression within
the composite material of the mner layer, the inner layer may
be permitted or enabled to support a greater degree of strain
before a failure strain limait 1s reached.

Conversely, 1n an anticipated service condition 1n which
external pressures are dominant, the resultant hoop stresses
will be compressive. The present invention may accommo-
date such a service condition by providing a greater degree
of pre-tension in the composite material 1n the mner region
of the pipe wall than 1n the outer region.

The level of pre-stress within the composite material of
the pipe may vary throughout the pipe wall 1n a longitudinal
direction. For example, the composite maternial 1n one lon-
gitudinal region of the pipe wall may comprise a different
level of pre-stress from the composite material 1n a different
longitudinal region of the pipe wall. Such an arrangement
may be advantageous 1in circumstances where the pipe load
requirements vary along the length of the pipe. For example,
one longitudinal region of the pipe may be required to
support a greater load, for example an axial load, than a
different longitudinal region.

The level of pre-stress within the composite material of
the pipe may vary throughout the pipe wall 1n a circumfier-
ential direction. For example, the composite material in one
circumierential region or segment of the pipe wall may
comprise a different level of pre-stress from the composite
maternial 1n a different circumierential region or segment of
the pipe wall. This arrangement may permit a variation in a
property of the pipe in a circumierential direction to be
achieved. Such an arrangement may permit a desired bend-
ing of the pipe, for example, to be achieved 1n a repeatable
mannet.

The modulus of the composite material may be varied
throughout the pipe wall. The modulus of the composite
material may be varied by varying the modulus of the
matrix, for example by varying the type of matrix material.
The modulus of the composite material may be varied by
varying the modulus of one or more reinforcing fibres, for
example by varying the type of reinforcing fibre.

The modulus of the composite material may be varied by
varying the alignment angle of the reinforcing fibres. The
fibre alignment angle may be defined relative to the longi-
tudinal axis of the pipe. For example, a fibre provided at a
0 degree alignment angle will run entirely longitudinally of
the pipe, and a fibre provided at a 90 degree alignment angle
will run entirely circumierentially of the pipe, with fibres at
intermediate fibre alignment angles running both circumfier-
entially and longitudinally of the pipe, for example 1n a
spiral pattern.

The modulus of the composite material may be varied 1n
a radial direction within the pipe wall.

.
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In one arrangement one or more fibres located within an
outer region of the pipe wall may define a greater fibre
alignment angle than one or more fibres located within an
inner region of the pipe wall. For example, one or more
fibres 1n an outer region of the pipe wall may define a fibre
alignment angle 1n the region of 75 to 90 degrees, and one
or more {ibres 1n an mner region of the pipe wall may define
a fibre alignment angle 1n the region of 65 to 80 degrees. In
such an embodiment the inner fibres aligned at a lower
alignment angle may be capable of accommodating higher
hoop strains than the outer fibres aligned at a greater
alignment angle. Such an arrangement may be advantageous
in conditions where internal and/or external pressures are
domuinant.

In an alternative arrangement one or more fibres located
within an inner region of the pipe wall may define a greater
fibre alignment angle than one or more fibres located within
an outer region of the pipe wall. Such an arrangement may
be advantageous in combined load conditions, axial loading,
bending moments, pressure loading or the like.

The matrix of the composite material may define a
continuous structure, wherein the reinforcing fibres are
embedded within said continuous structure. In this arrange-
ment the composite material may eflectively be provided as
a single layer throughout the thickness of the pipe wall,
without any interfaces, such as bonded interfaces, between
individual layers.

The distribution of the reinforcing fibres may vary
throughout the continuous matrix 1 a radial direction
through the pipe wall. The distribution of the reinforcing
fibres may vary from zero at the region of the mner surface
of the pipe wall, and be increased 1n a direction towards the
outer wall. Accordingly, the region of the inner surface of the
pipe wall will be absent of reinforcing fibres.

A radially imner region of the pipe wall may define a
uniform level of pre-stress, and a radially outer region of the
pipe wall may define a varying level of pre-stress. That 1s,
the radially outer region may comprise at least two sections
having different levels of pre-stress. This arrangement may
be achieved during manufacture of the pipe by providing a
pre-formed pipe structure or mandrel of uniform pre-stress
distribution and which defines the radially inner region of
the pipe wall, and then forming the radially outer pipe wall
region on the pre-formed mandrel, while 1including a varia-
tion 1n pre-stress 1n the radially outer region.

A method of manufacturing a pipe may comprise:

forming a pipe wall with a composite material comprising,
a matrix and a plurality of reinforcing fibres embedded
within the matrix; and

pre-stressing the composite material 1n at least one region
of the pipe wall.

According to a fourth aspect of the present invention there
1s provided a method of manufacturing a pipe, comprising:

forming a pipe wall with a composite maternial comprising,
a matrix and a plurality of reinforcing fibres embedded
within the matrix; and

establishing a varying level of pre-stress 1n the composite
material between different regions of the pipe wall.

The method may comprise forming a pipe in accordance
with the third aspect. Features defined above in relation to
the third aspect may also be associated with the fourth
aspect.

According to a fifth aspect of the present invention there
1s provided a pipe having a pipe wall comprising a com-
posite material formed of at least a matrix and a plurality of
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reinforcing fibres embedded within the matrix, wherein the
modulus of the composite matenal varies throughout the
pipe wall.

The modulus of the composite material may be varied by
varying the modulus of the matrix, for example by varying
the type of matrix material. The modulus of the composite
material may be varied by varying the modulus of one or
more remnforcing fibres, for example by varying the type of
reinforcing fibre.

The modulus of the composite material may be varied by
varying the alignment angle of the reinforcing fibres. The
fibre alignment angle may be defined relative to the longi-
tudinal axis of the pipe. For example, a fibre provided at a
0 degree alignment angle will run entirely longitudinally of
the pipe, and a fibre provided at a 90 degree alignment angle
will run entirely circumierentially of the pipe, with fibres at
intermediate fibre alignment angles running both circumfier-
entially and longitudinally of the pipe, for example 1n a
spiral pattern.

The modulus of the composite material may be varied 1n
a radial direction within the pipe wall.

In one arrangement one or more fibres located within an
outer region of the pipe wall may define a greater fibre
alignment angle than one or more fibres located within an
inner region of the pipe wall. For example, one or more
fibres 1n an outer region of the pipe wall may define a fibre
alignment angle 1n the region of 75 to 90 degrees, and one
or more fibres 1n an inner region of the pipe wall may define
a fibre alignment angle 1n the region of 65 to 80 degrees. In
such an embodiment the inner fibres aligned at a lower
alignment angle may be capable of accommodating higher
hoop strains than the outer fibres aligned at a greater
alignment angle. Such an arrangement may be advantageous
in conditions where internal and/or external pressures are
dominant.

In an alternative arrangement one or more fibres located
within an 1mner region of the pipe wall may define a greater
fibre alignment angle than one or more fibres located within
an outer region of the pipe wall. Such an arrangement may
be advantageous in combined load conditions, axial loading,
bending moments, pressure loading or the like.

A radially mnner region of the pipe wall may define a
umiform modulus, and a radially outer region of the pipe wall
may define a varying modulus. That 1s, the radially outer
region may comprise at least two sections having diflerent
moduli. This arrangement may be achieved during manu-
facture of the pipe by providing a pre-formed pipe structure
or mandrel of uniform modulus and which defines the
radially inner region of the pipe wall, and then forming the
radially outer pipe wall region on the pre-formed mandrel,
while 1including a vanation in modulus 1n the radially outer
region.

According to a sixth aspect of the present invention there
1s provided a method of manufacturing a pipe, comprising:

forming a pipe wall with a composite material comprising,
a matrix and a plurality of remforcing fibres embedded
within the matrix; and

varying the modulus of the composite material throughout
the pipe wall.

A pipe having a pipe wall may comprise a pipe having a
pipe wall comprising a composite material formed of at least
a matrix and a plurality of reinforcing fibres embedded
within the matrix, wherein at least one longitudinal portion
of the pipe wall comprises or defines a local variation 1n
construction to provide a variation 1n a property of the pipe.

According to a seventh aspect of the present mvention
there 1s provided a pipe having a pipe wall comprising a
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composite material formed of at least a matrix and a plurality
ol reinforcing fibres embedded within the matrix, wherein
the pipe wall comprises a local variation 1n construction in
at least one longitudinal section such that the fibre construc-
tion 1n one longitudinal section of the pipe wall 1s diflerent
from the fibre construction of the composite material 1n a
different longitudinal section.

Thus, the pipe comprises a variation 1n construction of the
composite material along the length of the pipe. Such an
arrangement may advantageously permit the pipe to be
optimised, along 1ts length, for a particular service condi-
tion, for example.

The variation 1n construction between the different lon-
gitudinal sections may be located at a common radial
location within the pipe wall. Such a common radial location
may be determined from a common datum point or suriace,
such as from an internal or external surface of the pipe.

The local varnation in construction may be provided
between at least two longitudinal sections on a common
circumierential plane within the pipe wall.

The local constructional varniation may be such that one
longitudinal portion defines a different overall construction
to that 1n a different longitudinal portion. In such an arrange-
ment the pipe wall may comprise at least two longitudinal
portions having different constructional properties.

Thus, the construction of the pipe wall includes one or
more local variations along 1ts length to achieve a variation
in a property of the pipe. That 1s, the constructional vanation
1s suilicient to aflect a variation in a property of the pipe.

In use, the local vanation 1 a property of the pipe by
virtue of the local constructional varnation may establish a
preferential characteristic in the pipe. Such a preferential
characteristic may beneficially differ from that 1n a pipe of
uniform construction along 1ts length, such as 1s known in
the prior art. A preferential mechanical characteristic may be
achieved, such as a strength, stiflness, flexural rigidity,
bending, resonant characteristic, deformation characteris-
tics, failure characteristics or the like. A preferential thermal
characteristic may be achieved, such as a thermal expansion
characteristic, thermal insulation characteristic or the like.

In embodiments of the present mnvention the preferential
characteristic may be provided to more closely match the
properties of the pipe to a desired service condition or
environment. For example, in service conditions in which
environmental effects differ over the length of the pipe, such
as may be the case with a pipe extending through variable
water depths, the provision of a longitudinal variation may
permit the pipe to be more customised to the differing
environmental properties. This may permit a reduction 1n
material usage, costs, weight and the like. That 1s, conven-
tional pipes are globally designed to accommodate the most
extreme environmental conditions. However, the present
invention permits variability to be incorporated within a pipe
to permit customisation along 1ts length.

The local constructional variation of the pipe wall may be
configured to focus a particular behavioural characteristic at
one or more longitudinal portions. This may permit a
preferential control over the behaviour of the pipe to be
achieved, which may assist when 1n a service condition,
storage configuration, deployment/retrieval configuration or
the like. For example, the local constructional variation may
permit a controlled deformation to be achieved within a
longitudinal portion of the pipe, and 1n some embodiments
to be substantially restricted to said longitudinal portion.
Such deformation may include buckling, longitudinal
expansion and contraction, radial expansion and contraction,
torsional deformation, bending or the like. Such deformation
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may include catastrophic failure, such as axial tensile fail-
ure, hoop tensile failure or the like. For example, a local
constructional varniation within the pipe may provide a
portion of reduced strength, such as reduced tensile strength,
reduced hoop strength or the like, which may focus any
failure to occur within said longitudinal portion. In such an
arrangement the specific longitudinal portion with reduced
strength may be selected for ease ol access, inspection,
repair or the like. For example, in embodiments where the
pipe 1s used 1n varying water depths, such as when used as
a riser, for example a vertical riser, catenary riser or the like,
a longitudinal portion of the pipe in proximity of the surface
may comprise a local constructional variation to provide a
region ol minimum strength.

In some embodiments focusing a particular behavioural
characteristic at a longitudinal portion of the pipe wall may
permit multiple pipes according to the present aspect of the
invention to be arranged 1n proximity to each other, wherein
the local constructional variation in each pipe facilitates a
desired behavioural characteristic, such as controlled longi-
tudinal bending, at a common location. This may prevent or
substantially minimise interference between the pipes,
facilitate more compact installations and the like. This
arrangement may be of application where, for example,
multiple pipes are bundled in a common location, extend
along a common path or course, converge to a common
restricted location from various directions or the like, such
as convergence towards a common floating vessel, for
example a FPSO vessel used 1n the o1l and gas industry.

At least one longitudinal portion may comprise a local
variation in modulus of elasticity. At least one longitudinal
portion may comprise a local variation 1n second moment of
area. At least one longitudinal portion may comprise a local
variation 1n coeilicient of thermal expansion. At least one
longitudinal portion may comprise a local variation 1n
thermal conductivity. At least one longitudinal portion may
comprise a local varnation 1n a material strength, such as a
yield strength of a particular component of the composite
material. At least one longitudinal portion may comprise a
local variation 1n tensile strength. At least one longitudinal
portion may comprise a local variation 1n hoop strength. At
least one longitudinal portion may comprise a local variation
in compressive strength. At least one longitudinal portion
may comprise a local variation 1n flexural strength. At least
one longitudinal portion may comprise a local variation 1n
geometry, such as wall thickness.

A local constructional variation may be provided in a
plurality of longitudinal portions along the length of the
pipe. For example along the complete length of the pipe.

The local constructional variation may define a discrete
constructional variation 1 one longitudinal portion with
respect to an adjacent longitudinal portion. For example, the
local constructional variation may be provided 1n a step-wise
or abrupt manner with respect to an adjacent portion.

The local constructional variation may comprise a tapered
or gradual vanation, for example with respect to an adjacent
region. A gradual variation may be provided in one or more
discrete longitudinal portions of the pipe. Alternatively, a
gradual variation may be provided over the complete length
of the pipe.

The local constructional variation may comprise a con-
structional variation 1n the matrix of the composite material
such that matrix construction in one longitudinal section of
the pipe wall 1s different from the matrix construction of the
composite material 1n a different longitudinal section.
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At least one longitudinal portion may comprise a local
variation in the type of matrix material. At least one longi-
tudinal portion may comprise a local variation in the volume
ol matrix materal.

At least one longitudinal portion may comprise a local
variation in the distribution density of the reinforcing fibres
within the matrix material. For example, the reinforcing
fibres may be more densely packed together 1n one longi-
tudinal portion of the pipe wall than another longitudinal
portion. In such an arrangement the region of increased fibre
packing density may define a region of modified stifiness,
such as increased stiflness, modified strength such as hoop
strength, tensile strength or the like.

At least one longitudinal portion may comprise a local
variation 1n the type of fibre within the composite material.
That 1s, one longitudinal portion of the pipe wall may
comprise a {libre type which 1s not present in another
longitudinal portion, or at least present 1n a different quantity
or configuration. At least one longitudinal portion may
comprise one or more libres with a modified, such as
increased or decreased, stiflness, tensile strength or the like.
At least one longitudinal portion may comprise one or more
reinforcing fibres with a modified dimension, such as a
modified diameter. For example, one longitudinal portion of
the pipe wall may comprise fibres having a different diam-
eter to those 1n a different longitudinal portion.

At least one longitudinal portion may comprise a local
variation 1n fibre alignment angle within the composite
maternal. For example, one or more reinforcing fibres in one
longitudinal portion may define a different alignment angle
to one or more remforcing fibres 1n a diflerent longitudinal
portion, and/or one longitudinal portion may comprise a
different proportion or quantity of fibres which define sub-
stantially the same alignment angle as those in another
longitudinal portion. In this arrangement the fibre alignment
angle may be defined relative to the longitudinal axis of the
pipe. For example, a fibre provided at a O degree alignment
angle will run entirely longitudinally of the pipe, and a fibre
provided at a 90 degree alignment angle will run entirely
circumierentially of the pipe, with fibres at intermediate
fibre alignment angles running both circumierentially and
longitudinally of the pipe, for example 1n a spiral pattern.

At least one longitudinal portion of the pipe wall may
comprise a local variation 1n fibre pre-stress. In this arrange-
ment the fibre pre-stress may be considered to be a pre-
stress, such as a tensile pre-stress and/or compressive pre-
stress applied to a fibre during manufacture of the pipe, and
which pre-stress 1s at least partially or residually retained
within the manufactured pipe. In this arrangement the fibre
pre-stress 1 one longitudinal portion of the pipe wall may
differ from that 1n a different longitudinal portion. In one
arrangement the fibre pre-stress, such as pre-tension, in at
least one longitudinal portion of the pipe wall may be
increased relative to a different longitudinal portion. A local
variation 1n fibre pre-stress may permit a desired character-
1stic of the pipe to be achieved, such as a desired bending
characteristic. This may assist to position or manipulate the
pipe, for example during nstallation, retrieval, coiling or the
like. Further, this local variation 1n fibre pre-stress may assist
to shift a neutral position of strain within the pipe wall,
which may assist to provide more level strain distribution
when the pipe 1s 1n use, and/or for example is stored, such
as 1n a coiled configuration.

At least one longitudinal portion of the pipe wall may
comprise a local variation 1n construction by use of at least
one insert. The mnsert may be considered to be a separate
component from the matrix and reinforcing fibres which
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form the composite material of the pipe wall. The insert may
be formed separately and subsequently installed within at
least one longitudinal portion of the pipe wall. An insert may
be stalled within the pipe wall during manufacture of the
pipe. An imsert may be installed within the pipe wall
following manufacture of the pipe.

The 1nsert may define a structural insert. The insert may
exhibit suflicient mechanical properties, such as stiflness,
strength or the like, to provide a measurable effect on the
mechanical properties of the entire pipe. For example, a
single strand of a reinforcing fibre may not function as an
isert due to the magnitude of difference between the
structural properties of a single strand and the entire pipe. At
least one 1nsert may comprise an elongate insert. At least one
insert may extend substantially longitudinally of the pipe. At
least one 1nsert may comprise a plate, rod, cylinder pin or the
like. At least one 1nsert may comprise a mesh structure or the
like. At least one insert may comprise a metallic matenal,
such as a metal alloy. At least one insert may comprise a
shape memory metal alloy. At least one insert may comprise
a non-metallic material. At least one 1nsert may comprise a
composite material, such as a composite of a matrix with
embedded remnforcing fibres. In this arrangement a compos-
ite 1nsert may be formed separately and subsequently
installed or included 1n at least one circumierential segment
of the pipe wall.

The local constructional variation in the pipe wall may be
selected to provide a desired longitudinal bending charac-
teristic along the pipe. Such a desired longitudinal bending
characteristic may be achieved by providing a local variation
in stifiness within at least one longitudinal portion of the
pipe. A modified stiflness may be achieved by, for example,
modilying the modulus of the composite material, for
example the matrix and/or the fibres, modifying the second
moment ol area, for example by providing more or less of
the composite matenal, or the like. Such a local vanation in
stiflness may comprise a reduction in stiflness. This may
permit or bias bending to occur at the longitudinal portion of
the pipe comprising the reduced stiflness. Such a local
variation in stifiness may comprise an increase in stifiness.
This may minimise the level of permitted bending at this
specific longitudinal portion. Such an increase 1n stifiness
may be utilised in regions where loading or bending
moments might be expected to be higher, for example at
connections within other equipment, such as floating ves-
sels, well head equipment or the like.

The local constructional variation 1n the pipe wall may be
selected to provide a desired thermal expansion character-
istic of the pipe. For example, a local constructional varia-
tion may be selected to permit the pipe to deform 1n a
repeatable and expected manner upon thermal expansion
thereof. This may, for example, permit controlled buckling,
lateral deflection or the like of the pipe to be achieved during
thermal expansion.

The local constructional variation in the pipe wall may be
selected to provide a desired thermal insulation character-
istic of the pipe. For example, a variation 1n thermal con-
ductivity within a longitudinal portion of the pipe wall may
permit a desired thermal 1nsulation property to be achieved
within said portion. This may be advantageous 1n circum-
stances where different longitudinal portions of the pipe are
exposed to different conditions when 1n use. For example, 1n
one embodiment a portion of the pipe may be burnied, for
example 1n a seabed, and a portion may be exposed to an
ambient environment, such as the sea. In such an exemplary
arrangement the longitudinal portion of the pipe which 1s
exposed to the ambient environment may be locally modi-
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fied to exhibit greater thermal 1nsulation properties that that
portion which 1s buried. This may permit the pipe to be more
accurately formed for 1ts imtended use.

The local constructional variation i pipe wall may be
selected to accommodate or absorb an anticipated move-
ment, deformation or the like within the pipe, such as a
longitudinal expansion movement or deformation. In such
an arrangement the local constructional variation may be
selected to provide a desired compression property or char-
acteristic to permit axial expansion of the pipe to be accom-
modated within the associated longitudinal portion without
any, or at least without any significant lateral deflection or
deformation.

The local constructional variation 1n the pipe wall may be
selected to provide a desired energy absorption characteris-
tic of the pipe. For example, a local constructional variation
may permit mechanical forces to be absorbed 1n the at least
one longitudinal portion. In such an arrangement a longitu-
dinal portion of the pipe may function as a damper. A
constructional variation may permit vibration forces to be
absorbed 1n the at least one longitudinal portion.

The local constructional variation 1n the pipe wall may be
selected to provide a desired acoustic characteristic of the
pipe. For example, the local vaniation may permit the pipe to
permit the transmission of acoustic energy at the associated
longitudinal portion. This may permit acoustic devices, such
as transducers, to use the pipe wall at the associated longi-
tudinal portion to couple acoustic energy into/from material
contained therein. The local constructional variation may be
selected to match the acoustic impedance of the pipe wall at
the associated longitudinal portion with a material con-
tained, or expected to be contained within the pipe. Such
variations 1n acoustic properties may permit acoustic mea-
surements to be made, such as may be made during flow
metering measurements, fiscal monitoring or the like.

The local constructional variation 1n the pipe wall may be
selected to provide a desired resonant characteristic of the
pipe. For example, at least one longitudinal portion of the
pipe may comprise a local variation configured to provide a
desired resonant mode of vibration. This arrangement may
permit vortex induced vibrations to be reduced or minimised
within or on the pipe when exposed to an external flowing
fluud which has a lateral component relative to the pipe.
Specifically, the present invention may permit at least one
longitudinal portion of the pipe to provide a resonant mode
of vibration which differs from a vortex shedding frequency
associated with the pipe and an anticipated service external
flow condition.

The pipe may comprise or be associated with a measuring,
device located at one longitudinal portion of the pipe wall
which comprises a local constructional varation. In this
arrangement the local constructional variation may facilitate
improved measurement. For example, the local construc-
tional variation may be selected to permit focussing or
exaggeration of movement in the longitudinal portion asso-
ciated with the measuring device.

The pipe may comprise or define a continuous pipe wall.
Accordingly, the constructional variation may not be pro-
vided by connecting two separate pipe sections together, and
instead 1s provided by a local variation in construction
within a single and continuous pipe wall.

The matrix of the composite material may define a
continuous structure, wherein the reinforcing fibres are
embedded within said continuous structure. In this arrange-
ment the composite material may eflectively be provided as
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a single layer throughout the thickness of the pipe wall,
without any interfaces, such as bonded interfaces, between
individual layers.

The distribution of the reimnforcing fibres may vary
throughout the continuous matrix 1 a radial direction
through the pipe wall. The distribution of the reinforcing
fibres may vary from zero at the region of the mner surface
of the pipe wall, and be increased 1n a direction towards the
outer wall. Accordingly, the region of the inner surface of the
pipe wall will be absent of reinforcing fibres.

The matrix of the composite material may continuously
extend between two longitudinal portions having varnations
in construction.

Continuous reinforcing fibres may extend between difler-
ent longitudinal portions or regions of the pipe wall.

A radially mner region of the pipe wall may define a
uniform construction along 1ts length, and a radially outer
region of the pipe wall may define a varying construction
between diflerent longitudinal portions. That 1s, the radially
outer region may comprise at least two sections having
different constructions. This arrangement may be achieved
during manufacture of the pipe by providing a pre-formed
pipe structure or mandrel of uniform longitudinal construc-
tion and which defines the radially inner region of the pipe
wall, and then forming the radially outer pipe wall region on
the pre-formed mandrel, while including a variation in
construction between two different longitudinal regions.

A method of manufacturing a pipe may comprise:

forming a pipe wall with a composite material comprising
a matrix and a plurality of reinforcing fibres embedded
within the matrix; and

creating a local variation 1n the construction of the pipe
wall within at least one longitudinal portion of the pipe wall
to provide a variation 1n a property of the pipe.

According to a eighth aspect of the present invention there
1s provided a method of manufacturing a pipe, comprising:

forming a pipe wall with a composite material comprising,
a matrix and a plurality of reinforcing fibres embedded
within the matrix; and

varying the fibre construction of the composite material 1n
at least one longitudinal portion of the pipe wall such that the
fibre construction in one longitudinal portion differs from
the fibre construction 1n a different longitudinal portion.

The method may comprise forming a pipe 1n accordance
with any other aspect. Features defined above 1n relation to
any other aspect may also be associated with the present
aspect.

A pipe having a pipe wall may comprise a composite
material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein the
matrix defines a continuous structure and the fibres are
variably distributed within the continuous matrix structure.

According to a ninth aspect of the present invention there
1s provided a pipe having a pipe wall comprising a com-
posite material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix, wherein the
matrix defines a continuous structure and the fibres are
variably distributed radially throughout the continuous
matrix from zero at the region of the inner surface of the pipe
wall, and be increased 1n a direction towards the outer wall.

Accordingly, the region of the mner surface of the pipe
wall will be absent of reinforcing fibres.

In this arrangement the composite material may eflec-
tively be provided as a single layer throughout the thickness
of the pipe wall, without any interfaces, such as bonded
interfaces, between individual layers.
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The matrix may define a continuous structure between
inner and outer surfaces of the pipe wall.

A method of manufacturing a pipe may comprise forming
a pipe wall with a continuous matrix material and vaniably
distributing reinforcing fibres throughout the matrix mate-
rial.

According to a tenth aspect of the present invention there
1s provided a method of manufacturing a pipe, comprising
forming a pipe wall with a continuous matrix material and
variably distributing reinforcing fibres radially throughout
the continuous matrix from zero at the region of the inner
surface of the pipe wall and increasing in a direction towards
the outer wall.

According to an eleventh aspect of the present invention
there 1s provided a pipe system, comprising;

a first pipe section having a wall comprising a metal
material; and

a second pipe section coupled to the first pipe section in
end-to-end relation and having a wall comprising a com-
posite material formed of at least a matrix and a plurality of
reinforcing fibres embedded within the matrix,

wherein the second pipe section 1s configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by a load event.

The second pipe section may comprise a pipe according
to any other aspect.

Accordingly, during deformation of the pipe system
caused by a load event, a greater proportion of strain will be
sustained by the second pipe section. This may assist 1n
mimmising the level of strain applied within the first pipe
section, to the extent that a greater proportion of the strain
induced within the pipe system during a load event will be
sustained within the second pipe section. As such, the
second pipe section may function to protect the first pipe
section during a deformation and load event applied to the
pipe system. For example, the second pipe section may be
configured to prevent or substantially minimise the risk of
strains and/or stresses being applied within the first pipe
section which may cause yield limits of the metal material
of said first pipe section to be exceeded. The second pipe
section may be configured to minimise the risk of failure,
matenal fatigue, adverse or undesired elastic or plastic
deformation, or the like, of the first pipe section.

The pipe system may be configured such that a larger
proportion of deformation within said system caused by a
load event 1s focussed within the second pipe section.
Accordingly, the second pipe section may be configured to
accommodate a relatively greater proportion of deformation
than the first pipe section. In embodiments of the present
invention the second pipe section 1s configured to accom-
modate or absorb substantially all deformation of the pipe
system during a load event.

The second pipe section may be configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by a cyclical load
event. Such a cyclical load event may be established during
intermittent flow through the pipe system, during multi
phase tlow through the pipe system, during vortex shedding
cvents when the pipe system 1s immersed 1n a flowing tluid,
or the like.

The second pipe section may be configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by an applied axial
load. Accordingly, in this arrangement the second pipe
section may be configured to accommodate a larger relative
degree of axial expansion and/or contraction. In embodi-
ments of the present invention, where an axial load 1s
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applied to the pipe system substantially all resulting axial
deformation 1s absorbed by or restricted to the second pipe
section.

The second pipe section may be configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by an applied radial
load.

The second pipe section may be configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by a bending moment.
Accordingly, 1n this arrangement the second pipe section
may be configured to accommodate a larger relative degree
of longitudinal bending. In embodiments of the present
invention, where a bending moment 1s applied to the pipe
system substantially all longitudinal bending 1s absorbed by
or restricted to the second pipe section.

The second pipe section may be configured to sustain a
greater level of strain than the first pipe section when the
pipe system 1s subject to deformation by an applied torsional
load. Accordingly, in this arrangement the second pipe
section may be configured to accommodate a larger relative
degree of twisting. In embodiments of the present invention,
where a torsional load 1s applied to the pipe system sub-
stantially all resulting twisting deformation 1s absorbed by or
restricted to the second pipe section.

A load event may be considered to be any event which
applies a load or stress to or within the pipe system.

In one embodiment a load event may be established by
thermal properties of the pipe system, for example thermal
properties of one or both of the first and second pipe
sections. A load event may be established by thermal expan-
sion and/or contraction of the pipe system. In such an
arrangement, deformation caused by thermal expansion and/
or contraction may be accommodated, for example substan-
tially entirely accommodated, by the second pipe section.
For example, thermal expansion of one or both of the first
and second pipe sections may generate a compressive axial
load or stress within the pipe system. In such an arrangement
or eventuality the second pipe section may be configured to
sustain a greater level of compressive strain than the first
pipe section. Further, thermal contraction of one or both of
the first and second pipe sections may generate a tensile
axial load or stress within the pipe system. In this arrange-
ment or eventuality the second pipe section may be config-
ured to sustain a greater level of tensile strain than the first
pipe section.

A load event may be established by exposure of the pipe
system to a service environment. For example external
equipment or the like may engage the pipe system to
generate an applied load. Further, an environmental condi-
tion may establish an applied load, such as internal or
external fluid pressure, for example during submergence of
the pipe system, fluid drag, vortex induced vibration, for
example during submergence in a flowing fluid, or the like.

The second pipe section may define a greater resistance to
one or more failure modes under load than the first pipe
section. For example, the second pipe section may define a
greater resistance to a buckling failure mode than the first
pipe section. In such an arrangement the second pipe section
may be configured to accommodate a greater degree of axial
compressive loading or stress than the first pipe section prior
to a buckling event. The second pipe section may be
configured to accommodate a greater degree of axial com-
pressive strain than the first pipe section prior to a buckling
event. Accordingly, the second pipe section may sustain a
greater level of strain than the first pipe section while
retaining a substantially straight configuration.
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The second pipe section may define a greater resistance to
a tensile failure mode than the first pipe section.

The composite material of the second pipe section may be
constructed to permit said pipe section to sustain a greater
level of strain than the first pipe section when the pipe
system 1s subject to deformation by an applied load. For
example, the composite material may comprises desirable
constructional properties, such as matrix type, fibre type,
fibre alignment angle, composite material pre-stress, fibre
packing density or the like.

The second pipe section may define a substantially
straight pipe section. The substantially straight second pipe
section may be configured to remain substantially straight
during deformation of the pipe system caused by an axial
load.

The second pipe section may be configured to be
deformed laterally during deformation of the pipe system
caused by an axial load. In such an arrangement deformation
of the pipe system may be accommodated 1 a controlled
manner by lateral deflection of the second pipe section.

The second pipe section may define a bent pipe section,
wherein said bent pipe section may be configured to absorb
deformation within the pipe system caused by an applied
load. In such an arrangement, the composite material of the
second pipe section may permit effects of cyclical loading to
be minimised. For example, material fatigue 1s not of
particular concern 1n composite material.

According to a twellth aspect of the present mvention
there 1s provided a pipe system comprising:

a first pipe section having a wall comprising a metal
material; and

a second pipe section provided in accordance with any
other aspect, wherein the second pipe section provides a
local vanation 1 a property of the pipe system along the
length of the pipe system.

According to a thirteenth aspect of the present invention
there 1s provided a method of manufacturing a pipe system,
comprising;

providing a first pipe section having a wall comprising a
metal material; and

coupling a second pipe section in accordance with any
other aspect to an end of the first pipe section, wherein the
second pipe section provides a local variation 1n a property
of the pipe system along the length of the pipe system.

According to a fourteenth aspect of the present invention
there 1s provided a pipe having a pipe wall comprising a
composite material formed of at least a matrix and a plurality
of reinforcing fibres embedded within the matrix, wherein
the construction of the composite material within the pipe
wall 1s varied along the length of the pipe.

According to a fifteenth aspect of the present invention
there 1s provided a pipeline or pipe system comprising:

a metallic pipe section having a wall comprising a metal-
lic material; and

a deformation absorber coupled to the metallic pipe
section and comprising a composite pipe section having a
wall comprising a composite material formed of at least a
matrix and a plurality of reinforcing fibres embedded within
the matrix, wherein the composite material 1s constructed to
cause the deformation absorber to sustain a greater level of
strain than the metallic pipe section when the pipeline 1s
subject to deformation by a load event such that a larger
proportion of deformation within the pipeline caused by a
load event 1s focussed within the deformation absorber.

According to a sixteenth aspect of the present invention
there 1s provided a pipe having a pipe wall comprising a
composite material formed of at least a matrix and a plurality
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of reinforcing fibres embedded within the matrix, wherein a
radially inner region of the pipe wall 1s of uniform construc-
tion and an outer region of the pipe wall 1s of varying
construction.

The varniation in construction in the outer region may
comprise a variation in construction between different geo-
metric portions ol the outer region, such that the construc-
tion 1n one geometric portion differs from the construction in
a different geometric portion. The variation in construction
in the outer region may comprise a variation between
different longitudinal portions, different radial portions and/
or different circumierential portions.

The variation 1n construction may comprise or be defined
by any variation 1n construction defined 1n relation to any
other aspect.

The pipe may be manufactured by providing a pre-formed
pipe structure or mandrel of uniform construction and which
defines the radially mner region of the pipe wall, and then
forming the radially outer pipe wall region on the pre-
formed mandrel, while including one or more variations 1n
construction therein.

According to a seventeenth aspect of the present invention
there 1s provided a method of manufacturing a pipe having
a pipe wall comprising a composite material formed of at
least a matrix and a plurality of reinforcing fibres embedded
within the matrix, the method comprising:

providing a pre-formed pipe structure or mandrel of
uniform construction to define the radially inner region of a
pipe wall; and

forming a radially outer pipe wall region on the pre-
formed mandrel, while including one or more variations 1n
construction therein.

The pre-formed pipe structure may comprise both matrix
and fibres. The pre-formed pipe structure may be free from
fibres.

In one or more of the aspects defined above the matrix
material may comprise a polymer. The matrix material may
comprise a thermoplastic component. The matrix material
may comprise a thermoset component. The matrix material
may comprise a polyaryl ether ketone, a polyaryl ketone, a
polyether ketone, a polyether ether ketone, a polycarbonate
or the like, or any suitable combination thereof. The matrix
material may comprise a resin, such as an epoxy resin or the
like.

The reinforcing fibres may comprise continuous or elon-
gate fibres. The reinforcing fibres may comprise any one or
combination of carbon, glass, polymer, basalt, aramid fibres
or the like. The reinforcing fibres may comprise discontinu-
ous fibres.

In some embodiments the composite material may com-
prise a matrix and fibres formed of similar or identical
materials. For example, a composite material may comprise
one or more reinforcing fibres which are formed of the same
material as the matrix, albeit 1n a fibrous, drawn, elongate
form or the like.

In one or more of the aspects defined above the defined
pipe may be configured for use above the ground. The pipe
may be configured for use at least partially buried. The pipe
may be configured for use in a subterranean environment.
The pipe may be configured for use 1n a subsea location.

The pipe of any aspect may be rigid or quasi or substan-
tially rigid. The pipe may be configured to define a minimum
bending radius of at least 50 diameters. In some embodi-
ments the pipe may be configured to define a minimum bend
radius of at least 5 diameters, for example between 5 to 10
diameters.
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The pipe may be configured for use as part of, for
example, a riser, such as a vertical riser, catenary riser or the
like, a tlow line, a jumper or the like, or any combination
thereot. The pipe may be configured for use in transporting
a fluid, providing a confined conduit for tooling or the like,
such as may be used in subterrancan wellbore drlling

operations, completion operations, intervention operations
and the like.

The pipe may be configured for use in transporting
product associated with the extraction of hydrocarbons from
subsea reservoirs, including accommodating the flow of
hydrocarbons, carbon dioxide, water, other chemicals, solid
matter, fluid and gas mixes and the like.

The pipe may be configured for use 1n carbon dioxide or
other gas sequestration.

The pipe in any aspect may define an oilfield pipe or
tubular. Such an oilfield pipe or tubular may be one which
1s used for the conveyance of any fluid or any material or
equipment associated with in the exploration, extraction,
processing and transporting of hydrocarbon product.

Further aspects of the present mmvention may relate to
methods of deploying and/or retrieving a pipe to/from a
spool, such as a pipe according to any other aspect.

Further aspects of the present imnvention may relate to a
pipe system comprising multiple pipes according to one or
more previous aspects, which may be formed, for example
by the mcorporation of local constructional variations 1n the
composite material, to accommodate proximity to each
other.

Principles of the present invention defined 1n one or more
of the aspects presented above may be applied to elongate
solid bodies. That 1s, principles of the present invention
defined 1n one or more of the aspects presented above may
be applied to elongate bodies which do not include an
internal bore. In such an arrangement the elongate body may
define composite wireline, slickline or the like.

It should be understood that the features defined above in
accordance with any aspect of the present invention may be
utilised, either alone or in combination with any other
defined feature, 1n any other aspect of the ivention.

For example, an aspect of the present invention may relate
to a pipe having a pipe wall comprising a composite material
formed of at least a matrix and a plurality of reinforcing
fibres embedded within the matrix, wherein the pipe wall
comprises or defines at least one of:

a local constructional variation 1n at least one circumier-
ential segment of the pipe wall;

pre-stress 1n at least one region of the pipe wall and

a local constructional variation 1n at least one longitudinal
portion of the pipe wall.

It should be understood that although terms such as
“circumfierential” and “radial” are used herein, these and
similar terms are not intended to limit the pipe to being
circular 1n cross-section. Instead, the pipe may be of any
cross-sectional shape, such as oval, rectilinear or the like,
and a circumierential segment may be considered to be a
segment or sector of a perimeter of the pipe.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the present invention will now
be described, by way of example only, with reference to the
accompanying drawings, in which:

FIG. 1 1s a lateral cross-sectional view of a pipe in
accordance with an embodiment of one or more aspects the
present mvention;
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FIG. 2 1s a side view of the pipe of FIG. 1, shown 1n a
curved or bent configuration;

FIG. 3 1s a diagrammatic 1llustration of a pipe in accor-
dance with an alternative embodiment of one or more
aspects of the present invention;

FIG. 4 1s a lateral cross-sectional view of a composite pipe
demonstrating a composition of a matrix material and
embedded reinforcing fibres which forms the pipe wall;

FIG. 5 1s a diagrammatic illustration of a composite pipe
in accordance with an embodiment of one or more aspects
of the present invention;

FIG. 6 1s a diagrammatic illustration of a composite pipe
in accordance with an alternative embodiment of one or
more aspects ol the present invention;

FIG. 7 1s a diagrammatic illustration of a composite pipe
in accordance with another alternative embodiment of one or
more aspects the present invention;

FIG. 8 1s a diagrammatic 1llustration of a pipe in accor-
dance with a further alternative embodiment of one or more
aspects the present invention;

FIG. 9 1s a diagrammatic 1illustration of a pipe in accor-
dance with a general embodiment of one or more aspects of
the present invention, wherein the pipe includes a local
constructional variation 1n a longitudinal portion thereof;

FIG. 10 1s a diagrammatic 1llustration of a pipe used as a
vertical riser 1n accordance with an embodiment of one or
more aspects the present invention;

FIG. 11 1s a diagrammatic 1llustration of a pipe used as a
vertical rise 1n accordance with an alternative embodiment
of one or more aspects the present invention;

FIG. 12 1s a diagrammatic 1llustration of a pipe used as a
catenary type riser in accordance with an embodiment of one
or more aspects of the present invention;

FIGS. 13A and 13B illustrate a variation in bending
moment applied to a pipe, and also a pipe embodiment
formed according to one or more aspects of the present
which accommodates the variation in bending moment;

FIG. 14 1llustrates a pipe according to a further embodi-
ment of one or more aspects the present invention, wherein
the pipe includes a longitudinal portion configured to focus
longitudinal bending within said portion;

FIG. 15 illustrates an embodiment of a pipe system which
includes a plurality of pipes according to one or more
aspects of the present invention, wherein the pipes are
shown converging on a common location;

FIG. 16 1llustrates an alternative embodiment of a pipe
system which 1ncludes a plurality of pipes according to one
or more aspects of the present invention, wherein the pipes
are each shown with a bend focussed at a common location;

FIGS. 17A and 17B illustrate a pipe according to another
embodiment of one or more aspects of the present invention,
wherein the pipe mcludes a longitudinal portion configured
to focus longitudinal expansion/contraction within said por-
tion;

FIG. 18 illustrates a pipe according to a further embodi-
ment of one or more aspects of the present invention,
wherein the pipe includes a longitudinal portion configured
to focus lateral buckling within said portion;

FIG. 19 illustrates a pipe according to a still further
embodiment of one or more aspects of the present invention,
wherein the pipe mncludes a longitudinal portion configured
to focus radial expansion within said portion;

FIG. 20 illustrates a pipe according to a still further
embodiment of one or more aspects of the present invention,
wherein the pipe mcludes a longitudinal portion configured
to focus tensile failure within said portion;
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FIG. 21 illustrates a pipe according to another embodi-
ment of one or more aspects of the present invention,

wherein the pipe mncludes a longitudinal portion configured
for accommodating a measurement device;

FIG. 22 1s a diagrammatic side view of a pipe system in
accordance with an embodiment of one or more aspects of
the present mnvention;

FIGS. 23A and 23B are diagrammatic side views of a pipe
system according to an embodiment of one or more aspects
of the present invention, wherein the pipe system includes a
composite pipe section configured to focus longitudinal
expansion/contraction within said composite section;

FIG. 24 1s a diagrammatic side view of a further embodi-
ment of one or more aspects of the present invention,
wherein the pipe system include a composite pipe section
configured to focus lateral buckling with said section; and

FIG. 25 1s a lateral cross-sectional view of a pipe in
accordance with an embodiment of one or more aspects the
present mvention.

DETAILED DESCRIPTION

A composite pipe, generally identified by reference
numeral 10, in accordance with an embodiment of the
present nvention i1s shown in FIG. 1, wherein a lateral
sectional view 1s provided to 1llustrate the exemplary struc-
ture of the pipe wall 12 across 1ts thickness. The pipe may
be suitable for use 1n a number of applications, such as in the
recovery of hydrocarbons from a subterranean reservoir. For
example, the pipe may be used as a riser, tlow line, jumper,
colled tubing or the like.

The pipe wall 12 comprises a composite material formed
of a matrix and a plurality of reinforcing fibres embedded
within the matrix. The matrix and remnforcing fibres are not
individually 1illustrated in FIG. 1 for clanty. The matrx
material may comprise a polymer, such as a thermoplastic
polymer, and 1n some embodiments the matrix may com-
prise polyether ether ketone (PEEK). The reimnforcing fibres
may comprise carbon fibres, glass fibres or the like.

In the embodiment shown the pipe wall 12 has a generally
global and consistent construction provided by the compos-
ite material of matrix and embedded fibres. Further, the
matrix of the composite material 1in the present embodiment
defines a continuous circumierential structure. That 1s, no
discontinuities extending through the entire wall thickness
are present. However, the pipe wall 12 defines two diametr-
cally opposed circumierential segments 14, 16 (1dentified 1n
broken outline) which lie on the X-X plane and which each
comprise a local variation in construction, identified by
reference numerals 18 and 20. As will be described 1n further
detail below, the local constructional variations 18, 20 in the
respective segments 14, 16 are imtended to provide local
variations 1n a property of the pipe.

Although a number of possible constructional variations
according to the present invention may be possible, 1n the
present embodiment a local variation in fibre alignment
angle 1s provided. Specifically, each local variation 18, 20
within 1ts respective segment 14, 16 comprises a local
variation in fibre alignment 1n which a number of fibres are
arranged to extend longitudinally or axially of the pipe 10.
More specifically, the individual fibres within the local
constructional variations 18, 20 extend at 0 degrees relative
to the central axis 22 of the pipe 10. This exemplary
arrangement of each local vanation 18, 20 has the eflect of
providing a local increase 1n axial stiflness within the
segments 14, 16. As the segments 14, 16 are diametrically
opposed, the local increase 1n stiflness results 1n an 1increase
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in pipe stiflness in the X-X plane. Accordingly, bending of
the pipe 10 1n a longitudinal direction will be encouraged to
occur along the X-X plane, which will thus define a neutral
plane of bending. This preferential longitudinal bending 1s
demonstrated in FIG. 2. This ability to provide a repeatable
bending form of the pipe may provide significant advan-
tages, for example 1n terms of deployment, retrieval, com-
missioning, during use and the like. Such bending of the pipe
10 may occur 1n order to spool to pipe 10 to/from a reel (not
shown). Further, such bending may occur when 1installing
the pipe, for example to permit the pipe to be installed on a
seabed from a floating vessel, to accommodate 1nstallation
architecture and the like.

In the exemplary embodiment the upper and lower
remaining segments 24, 26 will thus define regions of lower
stiflness which lie at a distance from the neutral X-X plane.
Accordingly, the material within the upper and lower seg-
ments will carry a highest proportion of strain throughout
the pipe wall 12, but will, nevertheless, be exposed to a
reduced stress level due to the effect of the higher stifiness
in the circumierential segments 14, 16. As such, the exem-
plary embodiment 1n FIG. 1 may permit safety of the pipe
to be increased, and permit a reduction in the permissible
bend radius or spool diameter to be achieved. Further, the
required material content may be reduced which may have
an advantageous eilect on costs, weight etc.

In some embodiments the pipe 10 may include local
variations in a pretension applied within one or more rein-
forcing fibres within the pipe wall. In one example a number
of fibres within the lower segment 26 may be provided
within the matrix material at a higher tension than those in
the upper segment 24. This may have the additional effect of
encouraging bending in the manner illustrated i FIG. 2.

In the embodiment described above the local variation 18,
20 1n each circumierential segment 14, 16 may be provided
along the entire length of the pipe 10, such that the entire
pipe includes a local property vaniation. However, in other
examples only discrete longitudinal portions of the pipe 10
may include the local constructional variations 18, 20. This
may be of application in regions of a pipe 10 which must
incorporate a bend when installed. Furthermore, difierent
longitudinal portions of the pipe 10 may include difierent
constructional varniations in different circumiferential seg-
ments.

In the embodiment shown 1n FIG. 1, each local construc-
tional variation 18, 20 1s shown as being located within only
a portion ol the respective segments 14, 16, specifically
intermediate the inner and outer walls 28, 30. However, 1n
other embodiments a local variation may extend to one or
both of the inner and outer walls 28, 30.

As described above, an exemplary embodiment of the
present invention includes local variations 1n axial stiflness
provided by a local variation in fibre alignment. However, in
other embodiments a stifiness variation may be achieved by
use of a diflerent type of fibre. For example, the pipe wall 12
may largely comprise T300 (230 GPa) carbon fibre within
the composite material, whereas the circumierential seg-
ments 14, 16 may comprise M40y (377 GPa) carbon fibre.
Further, the pipe wall 12 may largely comprise fibres of
Eglass within the composite material, whereas the circum-
ferential segments 14, 16 may comprise T300 (230 GPa)
carbon {fibre.

Further, a stiflness variation may be achieved by use of a
different density of fibres within segments 14, 16, use of a
different matrix material, variation in geometry, such as
cross-sectional shape, wall thickness, or the like.
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Also, each segment 14, 16 may be configured to define or
comprise a local variation 1n a property in addition to, or
alternatively to, stiflness. For example, one or more seg-
ments may comprise a local vanation 1n a thermal coetli-
cient, such as a coelflicient of thermal expansion. In such an
alternative embodiment a segment with a differing coetli-
cient ol thermal expansion may encourage a particular
deformation of the pipe when thermal expansion occurs.

Furthermore, one or more circumierential segments
within the pipe may be configured to comprise or define a
local vanation 1n strength. In one alternative or supplemen-
tal embodiment, one or more circumierential segments may
comprise or define a local increase 1n tensile strength. Such
a local increase in tensile strength throughout individual
segments of the circumierence of the pipe, as opposed to the
entire circumierence, may permit the pipe to support a larger
global tension while permit a reduction in material usage,
costs and the like.

As described above, in the embodiment shown 1n FIG. 1
cach local constructional variation 18, 20 1s provided by a
constructional varnation in the composite material which
torms the pipe wall 12. However, 1n other embodiments one
or more constructional variations may be provided by an
insert, such as a metal insert, separate composite isert or the
like.

An alternative embodiment of a pipe, generally 1dentified
by reference numeral 350, 1s shown in FIG. 3, wherein the
pipe S50 1s shown in lateral cross-section and partially
embedded within a seabed 52. In this embodiment an upper
circumierential segment 54 comprises a variation 1 con-
struction, relative to a lower segment 56, which provides a
local decrease 1n thermal conductivity. As such, the portion
of the pipe 50 which will, 1n use, be exposed to a sea
environment 60 will exhibit a greater degree of thermal
insulation, which would not be required in that portion of the
pipe which 1s buried within the seabed 352. This particular
embodiment of the invention may also incorporate circums-
ferential segments which include local variations in stifl-
ness, such as provided in the embodiment of FIG. 1, to
ensure that the illustrated orientation of the pipe 50 1is
ensured during deployment and installation.

A lateral cross-sectional view of a pipe, generally 1den-
tified by reference numeral 70, in accordance with an
embodiment of the present invention 1s shown 1n FIG. 4. The
pipe 70 comprises a pipe wall 72 which 1s formed of a
composite of a matrix material 74 and a plurality of rein-
forcing fibres 76 embedded within the matrix 74. The matrix
material 74 defines a continuous structure, such that no
interfaces, such as bonding interfaces, are presented
throughout the radial extent of the pipe wall 72. This
arrangement permits a more robust structure to be provided,
without risk of introducing internal weakness, stress raisers
and the like by separate interface regions. Further, the
climination of iterfaces within the pipe wall may minimise
the risk of gas pockets forming within the pipe wall at such
interfaces, which may otherwise lead to adverse efiects, for
example during pressure cycles. The fibres 76 are variably
distributed throughout the pipe wall thickness between an
iner pipe surface 78 and an outer pipe surface 80. The
variable distribution 1s such that no fibres 76 are provided in
the region adjacent the inner pipe surface 78. This arrange-
ment may permit the mner surface region of the pipe 70 to
remain entirely fluid tight, without any possible introduction
of permeability by the presence of fibres.

The arrangement shown in FIG. 4 may also incorporate
one or more local constructional variations, for example 1n
one or more circumierential segments such as described
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above, and/or 1n one or more longitudinal portions such as
defined later below, and/or with a varying degree of pre-
stress such as defined immediately below.

A composite pipe, generally identified by reference
numeral 100, in accordance with an embodiment of the
present invention i1s shown in FIG. 5, wherein a lateral
sectional view 1s provided to 1llustrate the exemplary struc-
ture of the pipe wall 102 throughout its thickness. The pipe
100 may be suitable for use 1n a number of applications, such
as 1n the recovery of hydrocarbons from a subterranean
reservoir. For example, the pipe 100 may be used as a riser,
flow line, jumper, coiled tubing or the like, and may be
locatable 1n a subsea location. As such, in embodiments of
the present invention the pipe may be specifically designed
to accommodate both internal and external pressures, as will
be discussed 1n more detail below.

The pipe wall 102 comprises a composite material formed
of a matrix and a plurality of reinforcing fibres embedded
within the matrix. The matrix and remnforcing fibres are not
individually 1llustrated in FIG. 5 for clanty. The matrix
material may comprise a polymer, such as a thermoplastic
polymer, and 1mn some embodiments the matrix may com-
prise polyether ether ketone (PEEK). The reimnforcing fibres
may comprise carbon fibres, glass fibres or the like.

One principal feature of the present invention shown 1n
the exemplary embodiment of FIG. 5 1s the application of a
pre-stress within the composite material forming the pipe
wall 102, and in the present embodiment the pre-stress
within the composite material 1s provided largely by apply-
ing a pre-stress to the reinforcing fibres of the composite
material during manufacture of the pipe. More specifically,
the pipe wall 102 1s formed using elongate reinforcing fibres
within a tape, rovings, tows or the like, wherein the tape,
rovings, tows or the like 1s/are manipulated, for example
wound, to form the pipe wall 102, with pre-stress being
applied within the fibres during this manipulation. This
pre-stress may be pre-tension and/or pre-compression. As
will be described 1n detail below, the pre-stress within the
composite material of the pipe wall 102 1s provided to
achieve a desired stress and/or strain distribution within the
pipe wall 102 when the pipe 100 1s exposed to an anticipated
condition, such as an anticipated service condition.

In the embodiment shown 1n FIG. 5 the pipe wall 102
defines at least two regions, specifically an inner region 104
and an outer region 106, wherein the outer region 106
entirely circumscribes the mner region 104. A level of
pre-tension 1s applied to the composite material within the
outer region 106, as demonstrated by the enlarged view of a
fibre 108 which 1s shown to carry a tension t. In this
embodiment the pre-tension t applied in the outer layer 106
1s sullicient to establish a compressive hoop strain in the
composite material within the inner region 104, as demon-
strated by the enlarged view of a fibre 110 which 1s shown
under a compression C. Thus, the pipe wall 102 1s formed to
define or comprise a varying pre-stress throughout the
composite material, which has the eflect of providing an
even global stress and/or strain distribution within the pipe
wall 102 when exposed to an anticipated service condition.
Further, the variation in the level of pre-stress between the
different regions 104, 106 permits a neutral position of strain
within the pipe wall 102 to be desirably aflected, for
example to accommodate a particular service condition or
the like.

More specifically, the embodiment shown 1n FIG. 5 may
be arranged for use 1 a service condition i which the
internal pipe pressure 1s dominant, that 1s, 1n a service
condition in which the product of the inner pressure Pi1 and
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the inner radius Ri 1s greater than the product of the outer or
external pressure Po and the outer radius Ro (i.e.,
PiR1>PoRo). In such a service condition the composite
material within the inner region 104 will typically be
exposed to a greater tensile strain than the composite mate-
rial 1in the outer region 106. As such, with increasing load as
a result of increasing internal pressure Pi, a failure strain
level may be achieved first in the inner region 104. However,
by provision of pre-tension t in the outer region 106 which
has the eflect of applying pre-compression C within the
composite material of the inner layer 104, the inner layer
may be permitted or enabled to support a greater degree of
strain before a failure strain limait 1s reached.

An alternative arrangement 1s shown 1n FIG. 6 which 1s
configured for use 1n a service condition 1n which external
pressures are dominant (i1.e., PIRi<PoRo) and the resultant
hoop stresses will be compressive. The pipe shown in FIG.
6 1s largely similar to that in FIG. § and as such common
reference numerals have been used. Accordingly, the pipe
100 comprises a pipe wall 102 which includes inner and
outer regions or layers 104, 106. However, 1n the present
embodiment 1n FIG. 6, the composite material of the iner
layer 104 includes a greater pre-tension than the composite
material 1n the outer layer 106. This 1s demonstrated by a
fibre 110 of the mnner layer 104 being under a pre-tension T
which 1s greater than a pre-tension t applied to a fibre 108 1n
the outer layer 106 (1.e., T>t).

In alternative embodiments the effects of dominant inter-
nal and/or external pressures may be accommodated alter-
natively, or additionally, by providing a variation in the
modulus of the composite material throughout the pipe wall.
Such a varnation in modulus may be achieved by varying the
matrix type, varying the fibre type, varying the fibre align-
ment angle or the like. The fibre alignment angle may be
defined relative to the longitudinal axis of the pipe. For
example, a fibre provided at a O degree alignment angle will
run entirely longitudinally of the pipe, and a fibre provided
at a 90 degree alignment angle will run entirely circumfier-
entially of the pipe, with fibres at intermediate fibre align-
ment angles running both circumiterentially and longitudi-
nally of the pipe, for example 1n a spiral pattern.

In one specific example, which may be adapted for service
conditions 1 which internal pressures are dominant and as
such 1s described again with reference to FIG. 5, the fibres
in the outer layer 106 define a greater alignment angle than
those 1n the mner layer 104. For example, the fibres 1n the
outer layer 106 may define a fibre angle 1n the region of 85
degrees, and the fibres 1n the iner layer 104 may define a
fibre angle 1n the region of 75 degrees. As such, the fibres 1n
the mner layer 104 may be capable of accommodating
higher hoop strains.

In another specific example, the fibres in the outer layer
106 may define a lower alignment angle than those 1n the
iner layer 104.

In other embodiments of the present invention a variation
in pre-stress, and optionally also composite modulus, may
be provided 1n other directions within the pipe other than
radially.

For example, 1n the embodiment shown 1 FIG. 7 a pipe
120 comprises a pipe wall 122 which 1s formed of a
composite material which has or defines a pre-stress which
varies circumierentially of the pipe. For example, a level of
pre-stress 1n one circumierential segment 124 of the pipe
wall 122 differs from that 1n another circumiferential seg-
ment 126. In the specific example shown fibres 128 in
segment 124 are provided with a greater pre-tension T than
fibres 130 1n segment 126 (1.e., T>t). This particular embodi-
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ment may permit a preferential bias to be introduced mto the
pipe, such as permitting the pipe to preferentially bend about
horizontal plane X-X.

In a further example, as demonstrated in FIG. 8, a pipe
140 1s formed of a composite material which has or defines
a pre-stress which varies longitudinally of the pipe. For
example, a level of pre-stress 1n one longitudinal portion 144
of the pipe may differ from that in another longitudinal
portion 146. In the specific example shown fibres 148 in
portion 144 are provided with a greater pre-tension T than
fibres 150 1n portion 146 (1.e., T>t). This particular embodi-
ment may permit a particular region of the pipe 140 to define
higher hoop or burst strengths, for example. Further, this
particular embodiment may permit longitudinal bending,
clongation, twisting or the like of the pipe 140 to be focussed
in a particular portion, such as 1n portion 146. Further, the
longitudinal variation 1n pre-stress may be provided to create
a Tocussed and specific weak point within the pipe. In such
an arrangement 11 failure of the pipe might occur, such as
due to extreme events, such failure may be restricted to a
particular region, facilitating ease of ispection, repair and
the like.

The different pre-stress arrangements defined above, and
their different variations, may be provided individually or
with some in combination.

A generalised embodiment of a composite pipe 1s shown
in FIG. 9, wherein the pipe 1s identified by reference numeral
200. The pipe may be suitable for use i a number of
applications, such as 1n the recovery of hydrocarbons from
a subterranean reservoir. For example, the pipe may be used
as a riser, flow line, jumper, coiled tubing or the like.

The wall 202 of the pipe 200 comprises a composite
material formed of a matrix and a plurality of reinforcing
fibres embedded within the matrix. The matrix and reinforc-
ing fibres are not individually illustrated in FIG. 9 for clarity.
The matrix material may comprise a polymer, such as a
thermoplastic polymer, and 1n some embodiments the matrix
may comprise polyether ether ketone (PEEK). The reinforc-
ing fibres may comprise carbon fibres, glass fibres or the
like.

In the embodiment shown the pipe wall 202 comprises a
longitudinal portion 204, delimited by broken outline, which
comprises or defines a local vanation in the construction of
the composite material. That 1s, the construction of the
composite material 1in the longitudinal portion 204 differs to
that 1 a further longitudinal portion, such as adjacent
longitudinal portion 206. Although a step-wise variation
between the longitudinal portions 204, 206 1s 1llustrated by
the broken lines, 1n embodiments of the mvention a tapering
variation may be provided. In fact, 1n some embodiments, as
will be described 1n further detail below, a tapering vanation
may be provided across the whole length of a composite
pipe.

Although discussed in further detail below, the local
constructional variation in the longitudinal portion 204 1is
provided to establish a variation 1n a property within the pipe
200 which may 1n turn establish a preferential characteristic
in the pipe 200. A preferential mechanical characteristic may
be achieved, such as a strength, stiflness, flexural rigidity,
bending, resonant characteristic, deformation characteris-
tics, Tailure characteristics or the like. A preferential thermal
characteristic may be achieved, such as a thermal expansion
characteristic, thermal insulation characteristic or the like.
The local constructional variation of the pipe wall 202 1n the
longitudinal portion 204 may be configured to focus a
particular behavioural characteristic at said longitudinal
portion 204. For example, the local constructional variation
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may permit a controlled deformation to be achieved within
said longitudinal portion 204, and 1n some embodiments to
be substantially restricted to said longitudinal portion 204.
Such deformation may include buckling, longitudinal
expansion and contraction, radial expansion and contraction,
torsional deformation, bending or the like. Such deformation
may include catastrophic failure, such as axial tensile fail-
ure, hoop tensile failure or the like.

A number of possible constructional variations according
to the present mvention may be possible, such as a local
variation 1n modulus of elasticity, a local variation 1n second
moment of area, a local variation 1n coeflicient of thermal
expansion, a local vanation 1n thermal conductivity, a local
variation 1n material strength, a local variation 1n tensile
strength, a local vanation 1n hoop strength, a local variation
in geometry, such as wall thickness, a local variation 1n fibre
alignment angle, a local vanation 1n fibre type, a local
variation 1n matrix type, a local variation in fibre density, a
local variation 1n composite material pre-stress (for example
as defined with reference to FIG. 8), or the like.

Although many different combinations of local variations
and uses are possible within the scope of the present
invention, some have been described in detail below for
exemplary purposes only.

FIG. 10 provides an illustration of a composite pipe
according to an embodiment of the present invention,
wherein the pipe defines a riser 210 which extends substan-
tially vertically from a seabed 212 towards the sea surface
214. Although not shown, the riser 210 may couple a subsea
wellhead or manifold to a floating vessel, for example for the
collection of hydrocarbons extracted from a subterrancan
formation. In use the riser 210 will typically be exposed to
varying conditions along its length, particularly in signifi-
cant water depths. For example, where the riser 1s supported
at 1ts upper end, the tension carried by the riser 210 near the
surface 214 will be greater than the tension carried near the
seabed 212. Further, the hydrostatic pressure of the sea water
acting externally of the riser 210 will increase with depth, as
will the iternal pressure of the product fluid communicated
through the riser. As such, the pressure differential internally
and externally of the riser 210 will vary with water depth,
and particularly will decrease with depth. Thus, significantly
greater mechanical forces, including axial tension, hoop
forces and the like will be experienced nearer the surface
214. To accommodate such conditions the composite mate-
rial forming the pipe wall 1s varied to provide increased
tensile and burst strengths nearer the surface. This 1s
achieved 1n the embodiment shown i FIG. 10 by varying
the composite material to define a varying wall thickness
over the length of the pipe 210, while, 1n the embodiment
shown, maintaiming a substantially constant inner diameter.
Specifically, the thickness of the pipe wall 216q at a lower
longitudinal portion of the riser 210, such as at location A,
1s thinner than the pipe wall 2165 at an upper portion of the
riser 210, such as at location B. In this way, the present
invention permits an optimum design of the riser 210 to be
achieved which 1s optimised or customised for the particular
application. This provides significant benefits over prior art
pipes which are typically globally engineered 1n accordance
with extreme service conditions, which typically results 1n a
pipe which 1s significantly over-engineered for most of its
length. As such, the present invention may provide suitable
pipe products for particular applications while minimising,
costs, weight, material usage and the like.

An alternative embodiment 1s shown 1n FIG. 11, 1n which
a riser 220, which also extends vertically from the seabed
222 towards the sea surface 224, defines a constant wall
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thickness along 1ts length, as demonstrated by the sectional
illustrations of the pipe wall 2264, 2265 taken at lower point
A and upper point B. In this embodiment appropriate prop-
erties and characteristics of the composite riser 220 provid-
ing design optimisation for the particular service condition
are provided by a combination of a longitudinal variation 1n
the modulus of the composite material and a longitudinal
variation 1n {ibre alignment angle. For example, the com-
posite material within the pipe wall 2265 at location B may
comprise a higher modulus composite material and a higher
combined proportion of near longitudinal fibres (near 0
degree alignment) and near circumierential fibres (near 90
degree alignment) relative to the pipe wall 226q at location
A. As such, the increased proportion of near longitudinal
fibres may accommodate the increased tensile strength
requirements, and the increased proportion of near circum-
ferential fibres may accommodate the increased pressure
differential internally and externally of the riser 220.

It should be noted that the principals of the present
invention are not restricted for use in substantially vertical
risers as shown in FIGS. 10 and 11. Instead, other riser
variations, such as catenary risers may be formed according
to the present invention, as illustrated in FIG. 12, 1n which
a plurality (although one may be appropriate) of catenary
type risers 221 extend from the seabed 223 to a FPSO vessel
225 floating on the sea surface 227.

In some embodiments of the invention a composite pipe
may be formed which includes a longitudinal portion which
1s configured to accommodate high bending moments. Such
high bending moments may exist in locations where a
composite pipe 1s secured between fixing points which move
relative to each other, such as 1n riser applications where the
riser extends between a fixed seabed location and a floating
vessel which 1s subject to motion, such as heave motion,
lateral deviations and the like. An exemplary embodiment
for accommodating high bending moments 1s disclosed 1n
FIG. 13, reference to which 1s now made. Specifically, FIG.
13A provides an exemplary plot of bending moment (M)
against pipe length (x) from an end 228 of a pipe 230 which
1s shown 1n FIG. 13B, wherein the pipe 230 comprises a pipe
wall 232 formed of a composite material. As illustrated, the
bending moment 1s highest at the end 228 of the pipe 230,
and reduces along 1ts length. To accommodate such a service
condition the pipe wall 232 includes a maximum thickness
at the pipe end 228, and reduces thickness along the length
of the pipe. In this case the second moment of area, and thus
flexural nigidity of the composite pipe wall will be largest at
the pipe end 228, and will reduce along the length of the pipe
in accordance with the reducing bending moment. In other
embodiments the modulus of the composite material and/or
the fibre alignment may alternatively, or additionally be
modified.

A further alternative embodiment of the present invention
1s shown 1n FI1G. 14, reference to which 1s now made. In this
embodiment a pipe 240 which comprises a pipe wall 242
formed of a composite material includes a longitudinal
portion 244 which includes a local variation 1n the construc-
tion or make-up of the composite material which focuses or
encourages longitudinal bending of the pipe within said
longitudinal portion 244. Accordingly, bending within the
pipe 240 may be repeatably and controllably restricted to the
longitudinal portion 244. This arrangement may permit a
hinge eflect, for example, to be incorporated into the pipe
240. In some exemplary uses this arrangement may be
provided to remove any bending from specific regions of the
pipe 240, for example from adjacent regions 246, 248. These
adjacent regions 246, 248 may be coupled to a further
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structure, such that when applied forces encourage longitu-
dinal bending within the pipe 240 bending will be accom-
modated and restricted substantially entirely within longi-
tudinal portion 244. This may protect any connection or the
like between the pipe and another structure.

In the embodiment shown in FIG. 14 the constructional
variation in the composite material of the longitudinal
portion 244 may be provided imn a number of ways. For
example, a variation 1n fibre alignment may be provided
between sections A-A and B-B. For example, the vanation
in fibre alignment 1 section B-B may be provided to
maintain axial and hoop strength within the pipe 240, but
reduce axial stifiness to encourage bending.

The pipe 240 shown 1n FIG. 14 may be advantageously
used as part of a pipe bundle, wherein the restricted bending
movement to the longitudinal portion 244 may eliminate or
substantially minimise interference between individual
pipes, permit the pipes to be gathered together 1n a confined
space or the like.

For example, a pipe system comprising a plurality of
pipes similar to that pipe 240 shown in FI1G. 14 1s illustrated
in FIG. 15. The pipe system, generally 1dentified by refer-
ence numeral 245 comprises a plurality of pipes (four 1n the
embodiment shown) 240a-d which converge to a single
location from varying directions, wherein a respective lon-
gitudinal portion 244a-d of each pipe 240a-d permits con-
verging of the pipes within a minimal area within minimal
interference. Such convergence ol pipes may occur at a
manifold, at a floating vessel or the like.

Another example 1s shown in FIG. 16, 1n which a pipe
system 247 comprises a plurality of pipes (four in the
embodiment shown) 240e-/ arranged side-by-side. In this
embodiment the respective longitudinal portion 244e-/
tacilitates bending of the pipes 240e-/ at a common location.

In an alternative, or supplementary embodiment, a lon-
gitudinal portion may comprise a local constructional varia-
tion 1n composite material to focus longitudinal expansion
and contraction within said longitudinal portion. Such lon-
gitudinal expansion and contraction may be a result of
mechanical applied forces, thermal expansion/contraction
and the like. Such an embodiment 1s 1llustrated in FIG. 17,
wherein FIG. 17A demonstrates a pipe 2350 1n a contracted
configuration, and FIG. 17B demonstrates the pipe 250 1n an
expanded configuration. Specifically, a longitudinal portion
252 of the pipe 250 defines a length 1 when 1n a contracted
state, and an extended length L. when 1n an expanded state.
The longitudinal portion 252 includes a local constructional
variation 1 composite material to permit the longitudinal
portion 252 to absorb axial extension and contraction in the
pipe, such as caused by thermal vanations or cycles with
mimmal lateral deflection or deformation. In this embodi-
ment the longitudinal portion 252 may be provided to
remove or reduce any expansion and contraction eflects in
other longitudinal portions of the pipe, such as adjacent
portion 254, 256.

A further alternative, or supplementary embodiment of a
composite pipe 1s shown 1n FIG. 18. In this embodiment the
pipe, which 1s generally 1dentified by reference numeral 260,
includes a longitudinal portion 262 which comprises or
defines a local constructional variation 1n composite material
to focus lateral buckling, detlection or deformation within
said longitudinal portion 262, as illustrated 1n broken out-
line. This may permit a buckling event, for example by
application of a critical buckling load, to be restricted within
longitudinal portion 262. A critical buckling load may origi-
nate from a service condition of the pipe 260, such as
excessive axial thermal expansion or the like. In this present
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embodiment restricting buckling to the longitudinal portion
262 may assist 1n protection of other longitudinal portions,
such as adjacent portion 264, 266. In the present embodi-
ment the longitudinal portion may comprise a local con-
structional variation in the composite material to firstly
focus buckling at this point, and secondly to accommodate
the lateral buckling deformation without resulting 1n exceed-
ing the vield point of the material. Further, the local con-
structional variation 1n the composite material within the
longitudinal portion 262 may permit multiple buckling
cycles to be accommodated, while minmimising eflects of
material fatigue and the like.

Another alternative, or supplementary embodiment of a
composite pipe 1s shown 1n FIG. 19. In this embodiment the
pipe, which 1s generally 1dentified by reference numeral 270,
includes a longitudinal portion 272 which comprises or
defines a local constructional variation 1n composite material
to focus radial expansion within said longitudinal portion
262, as illustrated 1n broken outline. Such radial expansion
may be caused by internal pressure. This arrangement may
be advantageous 1n absorption of the eflects of spikes in
internal pressure.

It should be noted that in embodiments of the present
invention a local composite constructional variation 1n a
longitudinal portion of a pipe may be provided to encourage
a particular behavioural characteristic of the pipe to accom-
modate or facilitate improved measurements at said longi-
tudinal portion. Such a behavioural characteristic may
include bending, axial expansion/contraction, buckling,
radial expansion or the like, such as shown 1n FIGS. 14 to
19. By permitting or encouraging such behaviour, normal
pipe movements when in service may be exaggerated within
the specified longitudinal portion which may be more appro-
priate to be momitored by sensing equipment.

Another alternative, or supplementary embodiment of the
present invention 1s shown in FIG. 20, reference to which 1s
now made. In this embodiment a composite pipe 1s provided,
in the exemplary form of a riser 280 which extends vertically
from a seabed 282 and upwardly of the sea surface 284. The
riser 280 includes a longitudinal portion 286 located within
an upper region ol the riser 280 which includes a local
constructional variation 1n the composite material to estab-
lish a region with reduced axial strength. Accordingly, 1f
extreme axial forces are applied to the riser, for example
during extreme weather and sea conditions, failure will be
encouraged within longitudinal portion 286, which 1s con-
veniently placed near the surface 284 to facilitate easier
inspection and repair.

Reference 1s now made to FIG. 21 1 which a diagram-
matic 1llustration of a composite pipe, generally 1dentified
by reterence 290, in accordance with an alternative, or
supplementary embodiment of the present invention 1s
shown. The pipe 290 1s formed of a composite material and
includes a longitudinal section 292 which comprises or
defines a local constructional variation in the composite
material which permits acoustic signals to be transmitted
through the pipe wall. More specifically, an acoustic appa-
ratus 294 may be positioned on the outer surface of the pipe
290 at the location of the longitudinal portion 292 and
operated to transmit and/or receive acoustic signals through
the pipe wall. In this arrangement the acoustic signals may
be used to determine a property of the pipe 290 and/or a
property of a product contained within the pipe, such as a
multiphase property, water-cut property, tlow property, mass
transier property or the like. The local constructional varia-
tion 1 composite material within the longitudinal portion
292 may permit the acoustic impedance of the pipe wall to




US 9,625,064 B2

35

more closely match that of, for example, transducers within
the acoustic apparatus 294, the product within the pipe 290
or the like. For example, the pipe wall may be configured to
function as an eflicient transducer coupling arrangement.

In other arrangements the pipe wall me be configured to
accommodate or support other types of signal, such as
clectromagnetic signals or the like.

FIG. 22 shows a diagrammatic side view of a pipe system
in accordance with an embodiment of the present invention.
Although not 1llustrated, the pipe system may be configured
for multiple applications, such as for subsea applications.
The pipe system comprises two longitudinal steel wall pipe
sections 414 and a longitudinal composite wall pipe section
416. The composite pipe section may be provided 1n accor-
dance with any composite pipe arrangement defined above.
The pipe sections 414, 416 are abutted end to end and the
composite pipe section 416 1s coupled between the steel wall
pipe sections 414 so that a contiguous pipe bore 418 1s
created for the passage of fluid or equipment through the
pipe system 410. In the embodiment shown, the pipe sec-
tions 414, 416 are coupled by a flange connection 420,
although 1t will be understood that any suitable means for
coupling the pipe sections 414, 416 may be used.

The composite pipe section 416 1s configured to sustain a
greater level of strain than the metal pipe sections 414 when
the pipe system 1s subject to deformation by a load event.
This arrangement, 1n the embodiments shown, functions to
focus the deformation of the pipe system substantially
entirely within the composite pipe section 416, thus acting
to protect the metal pipe sections 414 from excessive strains
and/or stresses, material fatigue or the like.

In use, the composite pipe section 416 provides a local
variation in a property of the pipe system along the length
thereol. The composite pipe section 416 may be configured
to provide a local vaniation in the tensile strength, compres-
sive strength and/or other property of the pipe system 1n
order that the pipe system may absorb axial loads, which
may be cyclic axial loads, acting on the pipe system as a
result of the environmental and/or operational conditions.
The composite pipe section 416 may also be configured to
provide a local variation in the second moment of area or
other property in order to provide a local vanation in the
bending stiflness of the pipe system.

In use, the composite pipe section 416 may provide for
local expansion, contraction, or bending to absorb the axial
loads and reduce or eliminate the occurrence of fatigue,
buckling, as may otherwise occur in a pipe system of
uniform metal construction. The composite material 1s con-
figured to focus longitudinal expansion and contraction
within the composite pipe section 416, for example from
longitudinal expansion and contraction as a result of
mechanical applied forces, thermal expansion/contraction
and the like.

FIG. 23A 1llustrates a pipe system 1n a contracted con-
figuration. FIG. 23B 1llustrates a pipe system 1n an expanded
configuration.

Referring to FIGS. 23 A and 23B, a composite pipe section
416 of the pipe system 410 defines a length 1 when 1n a
contracted state, and an extended length . when in an
expanded state. The composite pipe section 416 includes a
composite material construction, or a local variation 1n such
construction, to permit the composite pipe section 416 to
absorb axial extension and contraction in the pipe, such as
caused by thermal variations or cycles with minimal lateral
deflection or deformation. In this embodiment, the compos-
ite pipe section 416 may be provided to remove or reduce
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any expansion and contraction eflects in other longitudinal
portions of the pipe, such as adjacent pipe sections 414.

A Tfurther alternative, or supplementary embodiment is
shown 1n FIG. 24. In this embodiment the composite pipe
section 416 comprises a composite material construction, or
local vanation in construction, to focus lateral buckling,
deflection or deformation within said composite pipe section
416, as illustrated in broken outline. This may permit a
bucking event, for example by application of a critical
buckling load, to be restricted within composite pipe section
416. A critical buckling load may originate from a service
condition of the pipe system, such as axial thermal expan-
sion or the like. In this present embodiment restricting
buckling to the composite pipe section 416 may assist in
protection ol other pipe sections, such as adjacent sections
414.

In this present embodiment restricting buckling to the
composite pipe section 416 may assist 1n protection of other
pipe sections, such as adjacent sections 414. Furthermore,
by limiting lateral deviation or deformation of the pipe
system to the composite pipe section, the eflects of a
dynamic service condition, such as caused by intermittent
operation, multiphase flow or the like 1s minimised. For
example, the composite pipe section 416, by virtue of the
composite material, will not be aflected by material fatigue
1ssues, and may be able to accommodate 1increased dynamic
operational cycles or the like while maintaining sutlicient
integrity. Furthermore, restricting deviation or deformation
within the pipe system to within the composite pipe section
may permit absorption of such movement to be achieved by
shorter pipe lengths which may otherwise be required 1n
continuous metal pipe systems.

Thus, in the present embodiment the composite pipe
section 416 may comprise a local constructional variation 1n
the composite material to firstly focus buckling at this point,
and secondly to accommodate the lateral buckling deforma-
tion without resulting in exceeding the yield point of the
material. Further, the local constructional variation in the
composite material within the composite pipe section 416
may permit multiple buckling cycles to be accommodated,
while minimising eflects of matenal fatigue and the like.

A pipe 500 1n accordance with an alternative embodiment
of the present invention 1s shown in FIG. 25. In this
embodiment the pipe 500 includes a pipe wall 502 compris-
ing a composite material formed of at least a matrix and a
plurality of reinforcing fibres embedded within the matrix.
The matrix extends continuously through the pipe wall 502.
A radially inner region 504 of the pipe wall 502 1s of uniform
construction. An outer region 506 of the pipe wall 502 15 of
varying construction. That 1s, different sections or portions,
such as diflerent longitudinal portions, circumierential por-
tions or the like of the outer region 506 may vary in
construction. The constructional variation may be provided
by any method or arrangement described above in other
embodiments.

It should be understood that the embodiments described
herein are merely exemplary, and that various modifications
may be made thereto without departing from the scope of the
invention. For example, a pipe may be provided which has
a one or multiple longitudinal portions which include one or
more constructional variations 1n the composite material to
prove a number of desired behavioural characteristics. Fur-
ther, although round pipes are shown this 1s not essential,
and other cross-sectional shapes may be possible, such as
oval, rectilinear or the like. Further, features of one or more
embodiments 1llustrated above may be provided alone or 1n
combination with the features of any other embodiment. For
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example, a pipe may be provided which as one or more
circumfierential varnations, 1n addition to one or more lon-

gitudinal variations.

The invention claimed 1s:

1. A spoolable pipe having a pipe wall comprising:

a composite material formed of at least a matrix material
and a plurality of reinforcing fibers embedded within
the matrix material,

the composite material defines a continuous circumieren-
tial structure 1n a lateral plane which extends through
the pipe wall,

at least one first circumierential segment of the pipe wall
in the lateral plane comprises a first local variation 1n
construction of the composite material with a first fiber
construction, the first local variation 1n construction
provides a local variation 1n a property of the pipe,

at least one circumierential segment extends between
inner and outer surface of the pipe wall, and a portion
within the at least one circumierential segment at a
location intermediate inner and outer surfaces of the
pipe wall defines a local vanation in construction, and

a location of the at least one first circumferential segment
comprising the first local variation i1n construction
extends 1n a spiral arrangement along a length of the
pipe and 1s different from at least one second circum-
ferential segment of the pipe wall with a second local
variation in construction of the composite material, the
second local variation 1n construction of the composite
material has a different second fiber construction in the
second circumierential segment, the variation in the
property in the first circumierential segment provides
for a service condition at the first circumferential
segment.

2. The pipe according to claim 1, wherein at least one of
the local variations 1n construction establishes a preferential
longitudinal stiflness distribution or variation.

3. The pipe according to claim 1, wherein at least one
circumierential segment extends between inner and outer
surfaces of the pipe wall, and wherein the entire circumier-
ential segment defines a local variation 1n construction.

4. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local varniation in at
least one of modulus of elasticity, second moment of area,
coellicient of thermal expansion, thermal conductivity,
material strength, tensile strength, hoop strength, compres-
sive strength and flexural strength.

5. The pipe according to claim 1, wherein the local
variation in construction in at least one circumierential
segment of the pipe wall defines a discrete constructional
variation with respect to an adjacent region or segment.

6. The pipe according to claim 1, wherein the local
variation in at least one circumierential segment of the pipe
wall comprises a tapered or gradual variation with respect to
an adjacent region or segment.

7. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation 1n the
construction of the composite material, including a vanation
in construction in one or both of the matrix material and the
reinforcing fibers.

8. The pipe according to claim 1 wherein at least one
circumierential segment comprises a local variation in the
type of matrix material.

9. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation in the
distribution density of the reinforcing fibers within the
matrix material.
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10. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation in the
type of fiber within the composite matenal.

11. The pipe according to claim 10, wherein at least a
portion of one circumierential segment of the pipe wall
comprises a fiber type which i1s not present in another
circumierential segment, or at least present in a different
quantity or configuration.

12. The pipe according to claim 1, wherein at least one
circumierential segment comprises one or more fibers with
a modified modulus, stiflness, tensile strength and/or com-
pressive strength.

13. The pipe according to claim 1, wherein at least one
circumierential segment comprises one or more reinforcing
fibers with a modified dimension.

14. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation 1n fiber
alignment angle within the composite material.

15. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local vanation in fiber
alignment angle in which a plurality of fibers define an
alignment angle of substantially 0 degrees with respect to a
longitudinal axis of the pipe.

16. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local vanation in fiber
alignment angle 1n which a plurality of fibers define an
alignment angle of between 0 and 90 degrees with respect to
a longitudinal axis of the pipe.

17. The pipe according to claim 1, wherein at least one
circumierential segment of the pipe wall comprises a local
variation 1n fiber pre-stress.

18. The pipe according to claim 17, wherein the fiber
pre-stress comprises a fiber pre-tension and/or a fiber pre-
compression.

19. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation in con-
struction by use of at least one 1nsert.

20. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local varnation 1n
geometry.

21. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation 1n con-
struction which extends longitudinally of the pipe.

22. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation in con-
struction which extends longitudinally of the pipe parallel to
a longitudinal axis of the pipe.

23. The pipe according to claim 1, wherein at least one
circumierential segment comprises a local variation in con-
struction which extends both longitudinally and circumier-
entially of the pipe.

24. The pipe according to claam 1, wherein a local
variation in construction in at least one circumierential
segment of the pipe wall remains substantially constant
along a length of the pipe.

25. The pipe according to claim 1 wherein a local varia-
tion 1n construction 1n at least one circumierential segment
of the pipe wall varies along a length of the pipe.

26. The pipe according to claim 1, wherein the local
variation in construction in at least one circumierential
segment defines a desired longitudinal bending characteris-
tic along the pipe.

27. The pipe according to claim 26, wherein the local
variation in construction 1n at least one circumierential
segment 1s selected to provide longitudinal bending of the
pipe 1n a desired plane.
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28. The pipe according to claim 26, comprising a local
variation in stifiness within at least one circumferential
segment of the pipe wall to achieve a desired longitudinal
bending characteristic of the pipe.

29. The pipe according to claim 1, wherein the local
variation 1n construction 1n at least one circumierential
segment 15 defines a desired deformation characteristic of
the pipe.

30. The pipe according to claim 1, wheremn the local
variation in construction in at least one circumierential
segment defines a desired longitudinal twist characteristic of
the pipe.

31. The pipe according to claim 1, wherein the local
variation in construction in at least one circumierential
segment defines a desired thermal expansion and/or con-
traction characteristic of the pipe.

32. The pipe according to claim 1, wheremn the local
variation in construction 1 at least one circumierential
segment 15 selected to provide a desired thermal insulation
and/or transmission characteristic of the pipe.

33. The pipe according to claim 1, wherein the local
variation 1n construction in at least one circumierential
segment 1s selected to provide a variation 1n thermal insu-
lation properties circumierentially of the pipe.

34. The pipe according to claim 1, comprising at least two
circumierential pipe wall segments which each comprise a
local variation 1in construction to provide a local variation 1n
a property of the pipe.

35. The pipe according to claim 1, comprising the at least
one first circumierential pipe wall segment with the first
local variation 1n construction and the at least one second
circumierential pipe wall segment the second variation 1n
construction, the first variation 1n construction and the
second variation in construction are arranged substantially,
diametrically opposite each other.

36. The pipe according to claim 35, wherein the two
segments each comprise the local variation 1n construction
to provide a local variation 1n stiflness longitudinally of the
pipe to permit controlled longitudinal bending of the pipe
relative to a plane which extends through both circumier-
ential segments.

37. The pipe according to claim 36, wherein the two
segments each comprise the local variation 1n construction
to provide a local increase 1n stifiness longitudinally of the
pipe to define a neutral bending plane along which the pipe
will tend to bend.

38. The pipe according to claim 1, wherein at least one
longitudinal portion of the pipe wall comprises or defines a
local variation in construction to provide a variation in a

property of the pipe.
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39. The pipe according to claim 38, wherein the local
variation in construction comprises a local variation 1n the

construction of the composite material.

40. The pipe according to claam 1, wherein the matrix
material defines a continuous structure and the fibers are
variably distributed within the continuous matrix material
structure.

41. The pipe according to claim 40 wherein the distribu-
tion of the remiforcing fibers varies throughout the continu-
ous matrix material 1 a radial direction through the pipe
wall.

42. The pipe according to claim 41, wherein the distri-
bution of the reinforcing fibers varies from zero at the region
of an inner surface of the pipe wall, and 1s increased 1n a
direction towards the outer wall.

43. The pipe according to claim 1, wherein a radially inner
region of the pipe wall defines a uniform construction, and
a radially outer region of the pipe wall defines a local
circumierential variation.

44. The pipe according to claim 43, wherein the inner
region of the pipe wall 1s defined by a pre-formed pipe
structure or mandrel of uniform construction, and the outer
region of the pipe wall 1s defined by being formed on the
pre-formed mandrel, while including a variation in construc-
tion in at least one circumierential section of the outer
region.

45. A method for manufacturing a spoolable pipe, com-
prising;:

forming a pipe wall with a composite material comprising,

a matrix matenial and a plurality of reinforcing fibers
embedded within the matrix; and

creating a first local variation 1n a construction of the pipe

wall within at least one first circumierential segment of
the pipe wall to provide a first local vanation 1n a
property of the pipe, wherein the location of the at least
one first circumferential segment comprising the first
local vanation 1 construction extends in a spiral
arrangement along a length of the pipe and 1s different
from at least one second circumierential segment of the
pipe wall with a second local variation 1n construction
of the pipe wall,the second local vanation in construc-
tion of the pipe wall has a second vanation 1n property
of the pipe,

at least one circumierential segment extends between

inner and outer surface of the pipe wall, and a portion
within the at least one circumierential segment at a
location intermediate mner and outer surfaces of the
pipe wall defines a local variation 1n construction.
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